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摘要

摘要

本论文主要研究光电探测器的灵敏度，由灵敏度的定义和计算公式得到提高灵敏度的

三个主要方法是：提高光响应，放大光电流以及降低暗电流。针对三种不同结构不同材料

和不同应用领域的硅基光电探测器，分析它们的应用需求和结构特点，结合它们现今的发

展现状，指出这三种器件要获得高灵敏度的器件性能需要解决的问题分别是：微波光学应

用的高饱和Ge／Si UTC结构器件要解决响应度过低的问题，光通信应用的波导Ge／Si SAM

结构雪崩器件要解决波导耦合效率和倍增效率之间的矛盾，可见光探测的Si．PIN结构探测

器则要解决暗电流过高的问题。

1．分析硅基锗单行载流子探测器的结构优化和设计，获得高频率响应和高光吸收性

能的器件性能，通过高低温两步法生长Si基Ge薄膜，微纳加工制备双台面结构，测试分

析器件的暗电流、光响应、频率响应以及饱和度特性，研制出高响应的Ge／Si垂直入射型

UTC器件，在1550nm入射下光响应R为0．18刖W，量子效率为14．4％。在．1V偏压下的

暗电流密度最小为61．9 mA／em2，3．dB带宽最大为9．73GHz@直径159rin直径409m器件，

带宽2．55GI-Iz，在1GHz的调制频率下，饱和输出射频为4．6 dBmW，对应的饱和电流为

16．24mA；直径18bma器件，带宽7．23GHz，在3GI-Iz的调制频率下，饱和输出射频为3．7

dBmW，对应的饱和电流为16．22mA。

2．分析现今波导Si／GeAPD的结构和优劣，设计新型的纳米结构：将倍增层横向放置

到Si波导层，获得高耦合效率和高倍增因子。设计分析光纤与芯片上的单模波导的耦合结

构，单模波导结构，波导与吸收层耦合结构以及APD器件的吸收层结构，获得最大耦合

和吸收效率的器件光学结构，Ge材料的长度达到101xrn，厚度为>0。49m，倏逝波耦合效率

达到93％以上。并通过优化欧姆接触层，电荷层，倍增层的结构，使器件获得大倍增系数

(>103)和低的过剩噪声。设计器件的制各流程对Si02掩膜层刻蚀的时间和条件进行了实

验，得到刻蚀槽的宽度低于O．99m以后，刻蚀速率随着刻蚀空线宽的减小而降低，器件外

延层宽度为O．59m，刻蚀速率为．100 nmJmin。

3．分析限制Si．PIN探测灵敏度的关键因素暗电流的主要组成，分析保护环的设计，

光敏面的离子注入能量对器件暗电流和响应度的影响。通过分析不同器件尺寸，不同的工

作温度，以及工作偏压跟暗电流的关系，得到工作温度<50K，缺陷态辅助隧穿是器件暗电

流的主要来源；工作温度>150K，产生．复合机制产生的暗电流占主导。通过正向偏置的偏

压、温度以及暗电流的关系推测，器件的缺陷辅助电流是正向工作时的主要暗电流来源。

关键词：Si基Ge薄膜，光电探测器，红外光互联，波导探测器
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Abstract

This manuscript makes researches on the sensitivity of the photodetector．According to the

definition and calculation formula ofthe sensitivity,there are three main methods to improve the

sensitivity：the response of the light，amplified photocurrent and lower dark current．For three

different silicon-based optoelectronic detectors with different materials，structures and

applications，their application requirements and structural features were analyzed．According to

their present development，three components problems need to be solved to increase the

sensitivity of the device performance．High saturation Ge／Si UTC structure device in microwave

optics application needs to solve the low responivitye problem，waveguide Ge／Si SAM

avalanche device in the optical communication application needs to solve the contradiction

between the waveguide coupling efficiency and multiplication,and Si-PIN detector in visible

light detection needs to solve the too hi【gh dark current problem．

1．The structure of silicon germanium uni—traveling-carrier detector was optimized and

designed for hi曲frequency response and hi曲absorption performance．After the two—step

growth methord of Ge film on silicon，and micro-nano processing and preparation of double

mesa structure，the measurements and analysis of dark currenL light responsivity,frequency

response and saturation were carried on．The optimized vertical incidence Ge／Si UTC device

with high response has responsivity(R)of O．1 8 A／W under the 155 0 rUTI incident light，quantum

efficiency of 14．4％．The minimum dark current density is 61．9 mA／cm2 at．IV．The maximum 3
dB bandwidth is 9．73 GHz with a 1 5 lain-diameter．For the 40岬一diameter devices，the
bandwidth is 2．55 GHz，and the saturated RF output is 4．6 dBmW,corresponding to the

saturation current of 1 6．24 mA；under a l GHz frequency modulation．For the 1 8 lain-diameter

devices，the bandwidth is 7．23 GHz，and saturated RF output is 3．7 dBmW,corresponding to the

saturation current of 1 6．22 mA，under the modulation frequencyof 3 GHz。

2．Based on the analyzing of the structure，advantages and disadvantages of present Si／Ge

APD waveguide，a new types of nanostructures was designed：multiplication layer was

horizontally placed in Si waveguide，and the new device obtain high coupling efficiency and

multiplication factor．The coupling structure between optical fiber and single mode waveguide

on a chip，single mode waveguide structure，the coupling structure between waveguide and

absorption layer and absorbing layer structure of APD device were analyzed and designed to

maximize the coupling and the absorption efficiency of the device．It turns out that the length of

Ⅱ
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the Ge materials up tO 1 0 bun and thickness>0．4脚m，evanescent wave coupling efficiency is 93％

or more．And by optimizing the ohmic contact layer，charge layer,multiplication layer,the device

got a large multiplication factor(>103)and low excess noise．The Si02 layer as Ge selective

epitaxial mask was text for the etching speed on the preparation process and conditions．When

etching groove width is less than 0．9Ⅲ11，etching rate would decrease with the width of the

etching empty line．Our device epitaxial layer is 0．5 microns wide，and the etching rate is～100

rim／rain．

3．The key limitation of Si·PiN detection sensitivity is the dark current．The main

composition of dark current Was analyzed．The design of the protection ring and the ion

implantation energy on the photosensitive surface has great influence on the dark current and

responsivity of the device．Based on the analysis the dark current with different device size，

different working temperature，different operation bias，the main s01：l】∞s of dark current were

figured out．When working temperature is<50 K，the defect assisted tunneling is the main
source of dark current．The generation·recombination current is dominanted with a working

temperature>1 50K．At the forward biased bias，the relationship between temperature and dark

current was speculated，and defect assisted current is a key source of dark current．

KEY WORDS．Si—based Ge film，photodetectors，IR optical communication，waveguide

detectors

m
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第一章绪论

半导体光电探测器是能够接收从红外到紫外各个波段光信号，并将它转化为电信号输

出的一种半导体光电器件。根据接收的光波段不同，光电探测器在军事、国民经济中的各

个领域都有着重要的作用，如可见光或近红外波段的光接收主要用于射线测量和探测、工

业自动控制、光度计量、光互连，光纤通讯，微波光子系统，天线，红外遥控，环境光强

度检测，激光功率检测，测距，矿藏勘探，工业自动控制等；在红外波段主要用于导弹制

导、红外热成像、红外遥感等方面。此外，半导体光电探测器与闪烁体集成模块还是核辐

射检测，CT扫描，安检等系统的核心关键部件。

灵敏度是衡量光电探测综合性能的一个重要参数，它跟暗电流、噪声、响应度和带宽

几个探测器性能的关键参数都有关系，表征光电探测器可检测到的最小光信号。灵敏度越

高，说明探测器能检测的光信号越弱，说明光度计量范围能更广，遥控距离能更远，对环

境光变化能更灵敏，可探测的距离更远，红外成像质量更精细，可以说，灵敏度是光电探

测器在实际应用中最核心性能指标。

1．1光电探测的灵敏度

光电探测器的灵敏度定义：在一定的传输带宽和传输速度下，探测器能够接收并区分

的光的最小信号能量(岛。)。它是光电探测器光电转换特性、光电转换光谱以及频率的度

量，常用单位为dBmW。一个器件的灵敏度可表示为：

&i。=(S／N),mkoToB(NF)(1-1)

一个探测系统的最小操作灵敏度(minimum operational sensitivity,MOS)可表示为：

MOS=(S／N)岫koToB(NF)／G(1-2)

其中，(S／N)。in为可探测信号的最小的信噪比；NF为噪声因子或指数；‰为Boltzmann’s

常数，单位：J／K；To探测器的工作温度，单位：K；B为探测器的带宽，单位：Hz：G为

探测系统的增益。

由上面的公式可知，若获得较高的灵敏度，器件可探测的最小信号功率要尽可能小，

要求器件的最小信噪比，噪声因子，带宽以及温度都要降低，或者增大系统增益。

因此，提高探测器的灵敏度的方法主要是三种： 1、提高光响应；2、利用雪崩倍增

效应将信号放大：3、降低噪声和暗电流。
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1．1．1光响应

衡量一个半导体光电探测器的光响应能力的参数有两个：量子效率(印)和响应度(R)。

他们之间可以通过一个常数(hv／e)进行相互转换。

1．量子效率

光子能量大于禁带宽度的光照射到雪崩光电二极管上时将被半导体吸收，每一个被吸

收的光子产生一个电子．空穴对。在耗尽区内光激发产生的载流子被电场分开并被收集，从

而在外电路负载中产生电流。用量子效率来表征半导体内部一个入射光子产生电子．空穴对

的概率，其定义为[1]：

所产生的电子．空穴对数 』，／e ，，hv
吖

入射的光子数Po／hv eP．(1-3)

式中，乃为光电流，凡为入射光在半导体表面处的光功率，而p为入射光子的能量。

若所有的光子都在耗尽区内被吸收，且所有光激发的载流子都被吸收，则量子效率等于l。

对一个实际的光电二极管来说，入射光功率岛中的一部分光Rf晶在空气与光电二极管的

界面上被反射而消耗掉。同时，在耗尽区内被吸收的光子数与耗尽区的宽度以及随波长变

化的光吸收系数d。(力)有关。因此，假如忽略光在表面P区的吸收，则量子效率吁为：

，7=(1-R，)(1-e一嘞∥) (1-4)

可见，为了提高暂，耗尽区必须足够宽以保证％W>>1。此外，为了获得高的量子效

率，尽可能减小入射光子在半导体表面的反射(R，)是很重要的。在半导体表面涂覆上一

层合适的抗反射膜，可以大大增加空气与半导体界面的透过率。

2．响应度

实际的PIN结构光电二极管中，常用响应度R来表征单位入射光功率所产生的光电流，

它等于入射光所产生的光电流除以入射光的光功率：

R=I
P
f R=erl／hv=erlA／hc(1-5)

其中h为普朗克常数，v是光子频率。当波长九以微米为单位时，hv=1．24／A(eV)。

因此，响应度的一个方便的表达式是：

肚77南 (1-6)’1．24 L1-oJ

2
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量子效率和响应度R是衡量光电转化效率重要的参数，当入射光信号恒定时，量子效

率越高，器件的响应度越高，获得的电信号强度越大，器件的灵敏度就越高。

1．1．2光电流倍增

光信号电流的倍增是提高器件灵敏的又一方法，最常用的是利用雪崩倍增效应将光电

流放大：当光电探测器的工作偏压增大到一定值是，会使器件内部的某一区域的电场高于

雪崩阈值电场，载流予在此区域发生雪崩碰撞电离，光生载流子的数目在器件内部成倍的

增加，入射的信号被放大，信噪比增加，有利于获得高的灵敏度特性。

1．雪崩倍增效应

雪崩倍增效应，是半导体材料最重要的可逆击穿机制，是三种基本击穿机制之一。当

pn结两端的反向偏压很大时，势垒区中的电场很强，势垒区内的载流子由于受到强电场的

漂移作用，具有很大的动能，部分载流子可以获得足够高的能量，这些载流子有可能通过

碰撞把能量传递给价带上的电子，使之发生电离，从而产生电子．空穴对，这种过程称为碰

撞电离。因此高能载流子的能量要大于半导体的禁带宽度，才有可能将价带电子激发到导

带。而碰撞电离出的自由电子．空穴对，在电场的作用下分别向相反方向运动，并被电场加

速，再次碰撞产生新的电子空穴对。依此方式可以使载流子大量增殖。如图2．4所示，这

种现象称为雪崩倍增效应。早在1964年，K．M．Johnson便设想出了光电二极管的雪崩击穿

工作模式，用来探测弱光信号，提高探测灵敏度【2】。

图1-1 PN结的雪崩倍增示意图

雪崩倍增效应(avalanche multiplication effect in semiconductors)在半导体内部发生光

生载流子的倍增，从而增大器件的内量子效率，提高响应度。对于雪崩光电二极管而言，

由于雪崩倍增效应的作用，获得了M倍的放大，因此雪崩光电二极管的响应度为：

R4PD=M．詈=掀 (1-7)
，zy

、
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2．过剩噪声

半导体内部的雪崩倍增现象是一个涉及载流子反馈(feedback)的复杂过程，其强弱

由半导体的电离系数比决定，当电子和空穴的碰撞电离系数相近时，反馈效果明显。图2-6

为相同的倍增系数下不同电离系数比(电子和空穴的碰撞电离系数之比值)的半导体的电

离情况，(a)电离系数比<<1；(b)k～l。可看到当k~1时，光子散射和局域电场等因素的

影响，载流子反馈路径不能被预测，造成器件的倍增因子M是一个统计平均值，电离系数

比越大，或者k值越接近1，器件的倍增系数浮动越大，这部分浮动被称为雪崩器件的过

剩噪声，会极大的限制器件灵敏度的提高。

E

O 0

O

妥
X

M=5 M=5

图1．2一个电子在不同电离系数比的半导体中的碰撞电离情况。(a)电子的电离系数远大于空穴；

(b)电子和空穴电离系数相当。

因此，低k值的材料有利于降低器件噪声，提高频率响应。而且对于雪崩探测器而言，

当k在0．01-0．1器件增益能达到100～1000倍；当k在0．3～1之间器件增益只能达到15倍，

因此为了获得更大的增益系数，APD的倍增区材料的离化率也比要远小于1。研究表明Si

的k值随外加电场在0．01．0．1之间变动[31，其值远小于Ge和InP材料，因而硅成为雪崩探

测器理想的倍增材料。

4
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1．1．3暗电流

Electric剿(kWcm)
图1-3在300K下Ge(100)f4]，SiC51和kP[61电子和空穴的电离系数。

暗电流的定义：光电二极管没有光照时，在半导体内部，由于热电子发射等原因也会

产生自由载流子，即自由运动的电子和空穴，它们在电场的作用下也会产生电流，这种无

光照时在电路上流动的电流称之为暗电流。对于光电探测器，一般工作在反偏或者零偏状

态下，暗电流作为噪声(N)，跟器件的灵敏度呈反比，不利于对光探测，应尽量减小。

光电二极管暗电流根据产生位置分：体漏电流(扩散电流锄产生复合电流o)和
表面漏电流厶。

扩散电流：在无光照的情况下，半导体探测器在外加偏压下工作时，耗尽区内载流子

浓度相对较高，但是由于电流保持很定，耗尽区内部准费米能级梯度要小，载流子的分布

梯度小，而且耗尽区宽度通常小于扩散长度，耗尽区边沿外一定距离形成较大的浓度梯度

和准费米能级梯度，多子由于扩散到达耗尽区，由一侧渡越到另一侧，形成扩散电流，但

是此扩散电流的大小是由扩散到的少子区域决定的。

产生复合电流：在无光照的情况下，半导体探测器工作在反向偏压下，此时器件的载

流子是被方反向抽取的，载流子的浓度np<<nf『2，此时耗尽区载流子的产生复合作用以产生

作用为主。

表面漏电流：主要是由表面的缺陷态引起的缺陷态辅助电流，器件表面和侧壁上的缺

陷态，会形成一个产生复合中心，在禁带宽度范围内形成缺陷态能级，由于缺陷态能级距

离导带和价带的能级差小于禁带宽度，电子由价带顶跃迁到缺陷态能级以及空穴由导带底

跃迁到缺陷态两个过程的发生几率，高于价带顶与导带底之间的跃迁，因此，增大了自由

载流子的产生几率，增大了输运电流，即暗电流。

由于对于圆台型器件而言，表面漏电流不仅来自于光敏面漏电流，还来自于刻蚀侧壁

一．善一8lc母一oll鼍o
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的缺陷、钝化等造成的漏电流。因此暗电流还可以根据器件的周长和面积分为体电流和侧

壁漏电流两部分，前者是由光电二极管结区中热生成的电子和空穴引起的，后者则是由侧

壁的表面缺陷、清洁度引起在偏置电压作用下形成局域漏电流。

1．2高灵敏Si基Ge单行载流子探测器

1．2．1大功率光接收探测器

(a) (b)

事 雩n ，碜7n。、 ||上血 坐。、上

凄波信-黝g-掘(V)
图1．4光载微波信号的载波原理不意图。

在现今的信息系统中，为了提高信号传输速率，降低多通道传输的相互串扰，降低信

号传输中的能量损耗和热损耗，普遍采用光波作为电信号的载波，通过光纤进行信息的传

输，在通过检波转化为微波信号传输到后续处理电路中，图1-4(a)为光调制，光传输处理

在到光探测整个过程的信号变换示意图。

信息领域中的一个大方向是微波系统，它传输和处理的为微波的连续信号，如正弦波

信号，其对信噪比以及动态范围要求比数字系统高很多。以微波系统中最常用的功率调制

载波法为例分析其光调制解调原理，如图1-4(b)，Q点为光波的静态功率点，光功率以Q

点为平衡点正弦浮动。为了保证探测解调的微波信号与光功率调制信号的一一对应，调制

的光信号的峰值和谷值要保证在探测器的线性区域内，得到完整的正弦微波信号。

因此，微波系统中要求光电探测器有更大的饱和输出电流，更高光电转化的线性度。

这样，器件接收光的Q点的取值可以更多大，载波的峰值和谷值的差值更大，大大提高了

微波系统信噪比，拓宽了系统的动态范围，而且载波光信号的功率(Q值)的提高，其有

利于降低外调制端口中的信号损耗和噪声指数，可简化高比特信号接收系统的结构，例如

光操控相位阵列天线(optically．steered phased array antennas)增大输出的光电流就可以降
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低振幅匹配电增益，从而简化振幅匹配电路。

1．2．2单行载流子探测

传统的PIN结构器件，受到光生电子和空穴的空间电荷效应的限制，当入射光功率超

过某一阈值后，输出的电信号(通常是电流信号)与入射的光功率不再呈线性关系，此时

认为探测器达到饱和，这一阈值功率对应的输出电流，被称为饱和电流。限制传统PIN结

构探测器的饱和输出电流值的一个重要因素就是空间电荷效应，大的光注入时，大量的光

生载流子输运会形成电荷中心，光生的电子和空之间会形成与外加电场方向相反的内电场，

造成能带的弯曲，如图1．5(a)，阻碍载流子的输运和收集，当光生载流子足够多，将能带

拉平时，输出的光电流最大值不再变化，即器件达到饱和。此外，器件的载流子输运时间

取决于速度较慢的空穴，因此PIN器件带宽提高的空间有限。

因此，1997年Ishibashi T等人提出了单行载流子(UTC)探测器结构【7J，能带结构示

意图如图1．5(a)，器件的吸收区域为P型掺杂区，空穴为多子，因此空穴的弛豫时间较短，

探测器的信号输运主要靠电子，光生电子则在扩散和漂移的作用下移动到耗尽的空间电荷

区，进入耗尽区后在外电场的作用下迅速漂移至收集区收集，大光强注入时UTC结构器

件能带分布示意如图1．5(a)，单电子的输运避免了空间电荷效应引发的能带弯曲而造成的

电流饱和现象，同时器件内的有效载流子为电子，电子的漂移和扩散速率远大于空穴，有

效缩短载流子的输运时间，因此器件具有高速光响应的优势，如图1-6所示。此外，III．V

族UTC探测器可利用ⅡI．V材料的速度过冲效应(Velocity overshoot effect)，使得电子漂移

速度远大于饱和漂移速率[8，91，因此UTC探测器的渡越频率要远大于相似结构的P-i-n结

构 测研究的又一热点方向。

、．B． 、．B．

图1．5大注／k-F(a)UTC结构和(b)PIN结构探测器件内部的能带结构示意图，虚线是下注入时正常

的能带分布。

7
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t thinkness of intrinsic zone(胛) dj thinkness of intrinsic zone(斗m)

图1．6同一台面尺寸的PIN结构与UTC结构器件的3．dB带宽对比，此时UTC结构中的吸收层厚度

％与本征收集层厚度相等职(Wo=Wc)，可看到对于本征层薄的器件UTC结构比PIN结构在3一dB带宽
特性方面更有优势。

1．23高灵敏Si／Ge单行载流子探测发展

目前己报道的3dB带宽最高的面入射探测器是日本NTT公司Ishibashi等人研制的，

他们通过减小UTC探测器面积提高带宽，2000年他们报道了制作的尺寸为59m2的

InP／InGaAs材料的UTC探测器其带宽达到了310GHz，但是光响应仅为O．07A／W[10J，2007

研制的III．V族波导UTC器件的带宽提高到325GHz[11】，至此带宽已经达到现今工艺和理

论的极限，因此，之后NTT公司转而致力于将UTC器件应用到微波光子和天线系统，通

过与电容、电阻和天线等外电路的简单集成进一步提高系统接收带宽，系统已实现宽带宽

THz的信息接收[12，，13，14]。国内对于UTC结构的研究主要集中在InP／InGaAs材料的单芯片，

清华最新研制的双漂移层UTC的3．dB带宽为106GHz，响应度O．17A／Wtl5J。

但是，InP／InGaAs材料体系价格昂贵，器件制备需要多层异质材料外延，不能与常规

的CMOS工艺线兼容，与微电子电路集成困难，难以实现小型化，模块化以及单芯片的集

成。而Ⅳ族的硅、锗材料体系可以完美的解决以上问题，而且限制器件的饱和性能的另

一个重要因素是热效应，而Ge材料的热导率是InGaAs材料的11倍，Si衬底的热导率大

于nap[161，因此理论上Ge／Si UTC器件的饱和性能要优于InP／InGaAs UTC器件，由于Si

基Ge异质材料外延以及原位掺杂工艺的技术限制，直到2012年Molly Piels在OE才报道

处了初批Ge／Si垂直入射型UTC探测器的成果【17]，器件带宽为20GHz，响应度为0．12A／W

@1 550nm，之后同一课题组，利用了Si基探测器能够跟Si无源波导单片集成，同时提高

器件带宽和响应度的优势，2014年报到了其制备出的波导型Ge／Si UTC器件【1 81，将器件的

响应度和带宽进一步提高到40GHz和0．5A／W。
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图1．7首批研制的垂直入射型Ge／Si UTC探测器结构和3．dB带宽性能

图1．8研制的波导耦合型Ge／Si UTC探测器结构和带宽与饱和度性能

垂直入射型探测器，由于器件封装的光耦合结构简单，器件制备的工艺容差大，对于

片间或者板间的光通信非常有优势，但是垂直型结构的探测器的耗尽区与吸收区是同一区

域，器件的响应度和带宽相互制约，因此在保证器件带宽和噪声的同时，提高器件光响应

特性是提高Si／Ge UTC器件灵敏度最为关键也是最直接的途径。

我们利用SOI沉底的BOX与Si层晃面的高折射率差，通过设计个膜层的厚度，使入

射光在BOX于顶层Si界面处发生相干作用，提高该处的反射光强度，相当于加长了垂直

入射的光吸收长度，从而提高器件的光响应度。

1．3高灵敏硅基锗雪崩光电探测器

1．3．1光通信Si／Ge探测器

早期光通信系统中，通信波长在850nm波长区域，此波段内的多模光纤(MMFs)传输

的传播损耗在2-3dB／km，标准光纤的带宽达到了20THz，该波段的光被Si探测器和Si ICs

单片集成构成的接收器芯片进行接收和转化。随着1310nm波长的激光器的研发，使得

1310nm的通信窗口引入到了光纤通信系统中，其在单模波导(SMF)内的光损耗降到了

一《乏=o窭Jno

co荔墅惫￡oo∞1)i．
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O．5dB／km。从20世纪80年代开始，单模光纤逐渐取代850nm的多模光纤成为通信主导。

另外一个单模通信窗口为1550nm，其最小的单模光损耗达到0．22dB／km。因此在现今的光

纤通信领域中，1310nm和1550nm成为信息的主要载波波长。与硅材料同属元素周期表第

1v族半导体且晶格结构同为金刚石结构的Ge晶体，其禁带宽度为O．67eV，能够对1310nm

和1550nm光传输低损耗窗口有较高的响应，由于Ge与si材料的晶格结构类似，晶格常

数相近，可以通过异质外延的方式，实现硅基Ge材料的大面积集成，这是III．V族探测器

元件无法满足的，而且也避免了Si基键合型InGaAs／Si探测器在键合过程中引入的杂质，

位错，工艺难以控制，不稳定，高成本，随机性太大和集成面积小等问题。随着硅基Ge

低位错外延技术的不断提高，可以和硅基微电子芯片实现单片集成的Si基Ge探测器成为

了光互连和光通信领域主流的研究方向。

总结Ge／Si探测器件的优点主要有以下几点：

A．现有Si衬底外延Ge层技术己日渐成熟，异质结界面处位错密度可控制在器件性

能允许的范围内，暗电流可被有效抑制；

B．器件加工工艺与现有CMOS微电子加工兼容，降低了器件成本；

C．器件为Si衬底器件，便于实现集成化，阵列化和模块化；

D．器件吸收区为Ge材料，有效控制吸收区电场分布，可降低热激发率，使器件可工

作在常温下，在1550nm和1310nm处均有较大响应；

E．Si作为衬底，便于实现波导集成结构。

当然任何器件都会有自身缺陷，而Si／Ge器件最大的缺陷是Si材料和Ge材料之间4．18％

的晶格失配形成异质结界面的位错及应力，它们会对器件暗电流及能带有一定的影响。通

过外延技术的优化，Ge／Si界面处的位错密度已经降到了一105，而且通过器件结构的优化，

是可以弱化或消除位错对器件性能的影响。

1．3．2 Ge／Si雪崩光电探测器结构

雪崩光电探测器(Avalance Photodetector,APD)是利用半导体的雪崩倍增效应，在半导

体器件内进行光生载流子和内部电流的倍增，从而增大器件响应度和灵敏度的一种探测器

类型。因此器件一般工作在高反向偏压下，也要求器件具有高增益和较高速度响应，但是

高增益带来的是大噪声，因此，要综合考虑器件的噪声特性和增益特性。

APD中有一种常用的结构为吸收倍增分离型(Separated Absorption Multiplication，缩

写为SAM)结构，如图1-9所示，此结构的探测器中光吸收过程和光生载流子的雪崩倍增

过程分别在两个区域进行，有效降低因光子吸收位置不同，带来的载流子倍增系数的浮动，

从而降低过剩噪声。同时，也增强了雪崩光电探测器结构设计的灵活度，可以选用低电离

系数比的材料作为倍增区，进一步降低噪声。
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硅基Ge APD通常也采用吸收倍增分离型结构，宽的低电场为器件的Ge吸收区，禁

带宽度为0．66eV的Ge材料在近红外光通讯波段有着良好的吸收效率，具有高的迁移率与

导热性，有利于器件降低载流子渡越时间，获得高的频率响应【19]；器件在雪崩状态工作时，

器件内部的电场是由n+层一直延伸到了矿，整个器件都耗尽[20】，如图1．10所示，G色层

生成的光生载流子可以以饱和速度进行漂移，穿过电荷区，到达窄的Si倍增高场区，由于

Si材料的空穴与电子的电离率相差较大(k～0．01)，与InP、Ge等材料相比，可有效的降低

过剩噪声，并消除倍增材料中位错、缺陷等释放俘获的光生载流子而引起的后脉冲

(after-pulsing)效应【21,22,23,24】，提高器件灵敏度，而且便于集成，与传统CMOS加工工艺

兼容，成本低廉，吸收倍增分离型波导Si／Ge雪崩光电探测器具有良好的性能优势和广阔

的应用前景。

当器件发生雪崩击穿时，有【25]：

％(％一6)：_hi(。k)， k-=一Gth
k-1 仅。 (1．8)

其中电离比k和电子的电离系数％跟外加电压相关，器件的耗尽区厚度为％，是吸

收区、电荷层以及倍增区厚度的总和；b为高场区的厚度，是电荷层和倍增区的厚度总和；

整倍增层的厚度％调节其最大电场强度厶。此时的器件的击穿电压为：

％i已6+(瓦一皇垡)(％一6)
瓦 (1．9)

这种吸收和倍增分别在不同的材料中进行，使得光在窄带材料中吸收，宽带材料进行

倍增。由于器件的击穿电压圪与材料的E产成正比，因此在宽禁带的倍增区由隧穿和微
等离子产生的暗电流大大减小，并有效防止APD结构中的边缘击穿。

O

b

掺杂
O

W_

Wd

场 吸收
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图1．9 SACM雪崩探测器的掺杂分布、电场分布以及光吸收分布

图1．10吸收倍增分离型雪崩探测器的能带图

1．3．3高灵敏波导Ge／Si SAM．APD的发展概况

波导探测器突破了传统垂直入射结构探测器的光响应与频率响应之间的相互制约问

题，且能天然的与光波导集成，具有高灵敏度、高频率响应和易与硅基芯片大规模集成等

特性，是未来信息系统向高速大带宽发展必需的核心器件，是当前硅基光电子器件研究的

热点之一。

传统Si／Ge SAM．APD中的倍增层为硅材料，为了保证足够高的雪崩增益，器件的硅

材料层厚度一般>0．7／xm，而光电集成芯片的光通道普遍为单模光波导，硅材料厚度仅为

～0．229m，光通道与雪崩探测器对硅材料厚度要求的不匹配增大了器件设计难度。早期的

波导Si／Ge SAM．APD为保证高的雪崩增益，多采用多模Si波导与Ge吸收层的倏逝波耦

合设计，但是多模波导内光强中心远离吸收层界面，单位长度的倏逝波耦合效率远低于单

模波导，因此为提高光耦合效率，增加器件吸收长度是早期器件普遍采用的方法：2009年

Joe C．Compal研制了吸收长度为70pm，灵敏度为．30．4dBm的器件【26l，但是器件响应度仅

为R=0．6A／W@1550nm。而申请人制备的相同吸收层截面尺寸的单模波导Si／Ge探测器件，

吸收长度仅为10pm，响应度可达0．84刖W@1550nm[2 71。因此，多模波导入射的Si／Ge

SAM．APD器件由于单位长度耦合效率低，器件光响应度低，器件尺寸大。

因此，在保证一定倍增效率的前提下，提高波导器件单位长度耦合效率是波导Si／Ge

SAM．APD器件研究的重点，目前国际上提出了三种优化结构设计：

第一种：基于多模干涉(MMI)原理的波导耦合结构，图1(a)为该结构示意图。前端

12

D21053100654ZX00



北京工业大学博士后出站工作报告 第一章绪论

多模硅波导长度为Lsl印=N·b[瓦。+(磊／万)(n；一九盛2D：)_“2’]2／磊时，光发生对称型MMI现象，

将波导截面的光强中心移至器件吸收层边缘，可以提高器件倏逝波耦合效率，实现了光子

从单模波导到APD吸收层的传输。但是由于相干光场的强度中心随光传输长度增大而不

断改变位置，无法一直处于吸收层边沿的高倏逝波耦合区域，因此时域有限差分法(FDTD)

计算结果图1(b)显示[28]，Ge吸收长度为10岬器件的最大吸收效率仅为72％@。泖=3岬，
而光强中心始终位于吸收层边沿的单模波导的耦合效率达～92％。此外，该结构器件制备

需要两次分别对Si和Ge材料的外延，工艺复杂。2013年，新加坡IME制备了此类结构

的APD器件【29]，1 550m光入射，器件尺寸为8¨m×1 09m，理论预测灵敏度．30．5dBm，器
件响应度最高为22A／W，3．dB带宽最大到20GHz，但是各参数对应的增益系数却未给出。

o 器 10

L㈣。《}trn》

图I-1 1利用多模干涉的波导入射型器件(a)器件结构剖视图；(b)多模Si波导长度与吸收效率的关系。

第二种：利用边沿电场(丘ingmg elec仃ic field)效应将Ge吸收层的光生载流子扫入位于

脊形硅波导内的倍增区，载流子输运和电场分布如图2(a)所示。这种方法的优势是器件尺

寸可缩小到纳米量级，有利于提高集成度，更重要的是Ge吸收层位于Si单模波导之上，

光强中心靠近吸收层边沿，有利于提高器件倏逝波耦合效率，但是载流子在边沿电场作用

下先水平输运再进入Si倍增区进行同向的水平加速，因而载流子在倍增区的有效倍增长度

被大大缩短，极大的制约了器件的光电流增益。同时由于扫入倍增区的光生载流子主要集

中在倍增区与吸收层界面，而外延的Ge／Si界面处存在大量界面态，导致器件噪声大。2014

年发表的实验结果进一步验证了上述分析【30]，器件剖视图如图2(b)，最大倍增系数仅到9，

波长1．39m入射，长169m的器件响应度0．9A／W，增益带宽积仅～60GHz，理论灵敏度为

．30．5dBm。

(a)
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图1．12利用边沿电场效应的Si／Ge吸收倍增分离型APD器件：(a)原理示意图O)剖视图。

第三种：新加坡IME提出了双侧横向倍增结构，在单模硅波导项层直接一次外延i-Ge

吸收层，单模波导光强中心仅靠吸收层，解决了波导与吸收层之间的倏逝波耦合效率问题；

更是巧妙的利用了波导层硅基材料横向尺度大的优势，将电荷区和倍增区横置在硅波导层

上，使器件具备了高光电流增益所要求的倍增长度。图3(a)显示了制备的器件结构示意图，

Ge吸收层的底部宽4．4岬长80}．ma；图3(b)显示了器件的吸收层附近的电场分布，图3(c)
显示了器件横向的电场分布，可看出光生载流子主要靠纵向扩散到达电荷区，通过集中于

Si／Ge异质结界面附近横向扩散到达倍增区，由于界面处存在大量缺陷态，大大缩短了电

荷区少子寿命，且器件光电流由作为少子的电子决定，因此M=I时器件的响应度仅为

0．277刖W@1550nm[31]。此外长距离的横向扩散严重延长了载流子渡越时间，降低了器件

响应频率。因此测得的器件的增益带宽积仅为85．5GHz@．22V，暗电流高达～22肚。

图1．13横向倍增纵向吸收波导Ge．Oil．SiAPD结构剖视图以及不同偏压的电场分布。

通过上述分析可知，吸收倍增分离型波导雪崩器件的单位长度耦合效率与倍增效率是

一对矛盾。相较于前两种解决方法，第三种方法理论上能够同时满足高效率耦合和高效率

倍增，但是研究者忽略了横向和纵向电场的调控以及载流子输运对器件性能影响的复杂性，

器件在响应度、增益带宽等性能方面仍然存在很大的提升空间。因此，如何在Ge吸收层

与Si基光波导之间实现高效率耦合，以及如何同时在Si材料中实现高效率倍增，是高性

能波导Si／Ge S』蝴．APD研究的关键问题。

14
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1．4高灵敏度硅PIN电探测器

1．4．1 300nm—1100nm波段的si探测器

硅材料是地球上分布最广的元素之一，地壳中的含量约27．6‰仅次于氧元素，是地

球上元素含量第二高、应用最广泛、对人类生活影响最大的元素，也是最关键的半导体材

料。1962年在RCA器件集成研究组工作的Stanley，Heiman和Holstein等发现，可以通过

扩散与热氧化在Si基板上形成的导电带、高阻沟道区以及氧化层绝缘层来构筑晶体管，即

MOS管，硅材料成为了微电子芯片制各的最重要也是最核心的材料。硅晶体是禁带宽度为

1．12eV的间接带隙半导体，决定了硅晶体的发光效率不高，却能够吸收截止波长为1107nm

的光谱能量，并转化为电能传输，因此硅材料被广泛用于紫外，可见光和近红外区域的光

接收和探测领域。

硅光电探测器是发展时间最长，工艺技术最成熟，应用范围最为广泛的一种探测器件。

据了解，硅光电探测器主要在红外遥控接收，环境光强度检测，激光功率检测，测距，矿

藏勘探，工业自动控制，电子黑板等方面，而军用方面，硅光电探测芯片是核辐射探测器

的核心部件，而且被用于激光瞄准，制导跟踪及搜索装置中，在激光微定位、位移监控等

精密测量系统中起着关键作用。

1．4．2 PIN结构探测器结构

PIN结构是最常用的光电二级管结构，具体结构如图1．14，在器件P型区和rl型区之

间插入一定厚度的本征半导体区，由于内建电势差以及外部反偏电压的作用，本征区域耗

尽，电阻率高，电压主要在此区域降低，形成较高电场以便有效收集光生电子．空穴对

(electron．hole pairs，EHP)，此类结构的器件的本征区厚度远大于高掺杂区，因此大部分的

光生电子空穴对是在本征区产生，并在强电场的作用下分开，分别向p+区和n+区漂移，

由于半导体载流子的漂移速度远大于扩散速度，因此大大的缩短了载流子的渡越时间。此

外，耗尽层加宽明显减小了器件的结电容C，，减少探测器电路的时间常数，同时，宽的耗

尽区有利于器件对光辐射的吸收，提高器件吸收长度和体积，利于提高器件的量子效率。

因此，PIN结构型器件的具有很好的高频特性，普遍用于高频接收型电路中。但是由于本

征区的引入，耗尽区宽度的增大，会提高器件的暗电流，降低器件灵敏度。图1．14为垂

直结构的P．N结和PIN结构探测器剖视图，以及各层对应的电场分布对比。
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图1．14 P．I-N结构探测器的剖视图以及内部能带结构和工作过程。

1．4．3高灵敏Si．PIN探测器发展

Si．PIN已经产品化和产业化，国际上，Hamamatsu，Infineon，Vishay，Source Photonics

Inc．，OSI Optoelectrionics，Everlight，EMCORE，menlosystems，SensL等多家半导体芯片

研发和生产公司都进行了Si光电探测器件的销售【321，但是，中国大陆对于半导体光电产业

的发展仍处于初始阶段，通过资本和人力吸引了台湾一些优秀的光电研发和生产公司在大

陆建厂生产，但是器件研发和制备中最核心的关键技术仍掌握在境外公司手里，因此，我

国的探测芯片仍然依赖进口，成本居高不下，在一些敏感应用领域的发展受到国外封锁，

严重制约着我国在国家安全、核科学、遥感探测等领域的发展。

产品化的Si．PIN普遍采用垂直型结构，本征层足有上百微米厚(如图1．15)，其厚度

可根据器件的量子效率、频率响应带宽以及暗电流密度的需求进行调整，一般在

200]am-400雎,aa。器件在350nm～1lOOnm波段均有较高响应[33]。但是加宽的耗尽区也为暗电

流噪声的产生和收集提高了便利，因此PIN光电探测器快速响应，相对较高的暗电流，其

对小信号的识别，高质量成像，弱信号检测等方面的应用其到一定的限制作用，其较高的

暗电流也是制约器件灵敏度提高的关键因素，因此提高Si．PIN器件的灵敏度需要对器件的

暗电流进行分析，获得不同工作条件下，暗电流的主要产生机理，进而提出优化方案。

图1-15(a)商业型Si-PIN探测器的结构剖视图。
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第二章高响应度的硅基锗单行载流子(UTC)探测器

微波光子学是现今研究的一大热点，利用微波技术与光传输技术相结合，进行高速大

功率信号的处理，系统接收的光信号强度越强，系统的动态范围越广，在外调制端口中的

信号损耗和噪声指数就越低，并可简化高比特信号接收系统的结构，在光操控相位阵列天

线(optically．steeredphased array antennas)增大输出的光电流有利于降低振幅匹配电增益，

简化系统。空间电荷效应是限制传统PIN结构探测器的饱和输出电流值重要因素，因此

1997年Ishibashi T等人提出了UTC探测器[1]，利用P型吸收层，将输运载流子变为仅电

子，抑制了空间电荷效应的同时增大的光生载流子输运速率，因此高饱和高速率的UTC

器件成为了探测研究的又一热点方向。

2．1高响应度硅基锗UTC探测器的设计

专母书书母专专专
RSi02

nt；e 0．6ttm

llSi v̂

RSi02 Y

llSi 340ttm

图2．1 Ge／Si UTC的结构示意图

图2-1为典型的SOI衬底的Ge／Si UTC器件的结构简图，由梯度掺杂是P型Ge吸收

层，本征的Si载流子收集层，衬底项层Si层通过磷杂质扩散形成N+欧姆接触层；右侧的

图为折射率分布简图。
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2．1．1高频率响应

1．吸收层和收集层的厚度

UTC结构的吸收层为P型掺杂层，光生载流子在该处是以扩散的方式进行输运的，扩

散到本证收集层，再在电场的作用下漂移到欧姆接触层被收集，本证载流子收集层的禁带

宽度大于吸收区材料，在价带形成势垒，防止空穴的反方向扩散，器件的渡越频率为：

z=1／(2zr。)=1一、。2／3见+形／％))=1／(2万(孵／3忿+形／止死瓦i))(2-1)

器件的RC响应频率可有下面公式计算：

厶2矗品2鬲碍1 (2-2)

其中，吸为本征收集层的厚度，D。为电子在P型吸收层的扩散系数呒为P型吸收层

的厚度，垂直入射型器件的吸收层厚度一般等于吸收长度，因此为了保证器件的响应度在

0．1A／W以上[2，31，器件的吸收层的厚度设置为0．69m，器件的3．dB带宽计算公式：

六船=丽1 (2-3)

根据公式(2-1)、(2-2)*[1(2—3)得到不同尺寸的圆台器件的3dB带宽随着本征收集层的厚

度变化的关系曲线，为了获得较高的3dB带宽，选取职=O．39m。

Wc thinkness of intrinsic zone(pm)

图2．2不同尺寸的Ge／Si UTC结构的圆台器件的3dB带宽随着本征收集层的厚度变化的关系曲线。

2．吸收层内部电场设计

UTC结构的吸收层是P型掺杂，载流子在其内部的渡越要通过扩散的方式进行，因此

21
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大大拖慢了器件的渡越时间，因此设计了一种梯度掺杂的结构，在吸收区内部形成梯度电

势，以增大载流子在此区域的渡越速率。分别讨论了缓变的掺杂浓度分布和突变的浓度梯

度，其中突变梯度分布中将吸收区分别平均分成2，4，6，8，10，12个区域，相邻两个区域的

界面处是掺杂浓度的突变界面，通过silvaco半导体模拟软件的模拟计算得到，这几种结构

器件的能带分布以及吸收区电势差，具体结果如图2．3所示，通过对比不同掺杂结构下，

吸收区的两端的电势差，可获得载流子在渡越吸收区时获得总的动能，动能越大载流子的

漂移速率越大，渡越时间越短，因此可以看到，将吸收区分成4等份每个等份的掺杂浓度

相同，在相邻区域界面处突变掺杂浓度，最后载流子漂移获得的动能最大。

篆

戛5
8 4

芑

筻
强

弘
图2．3(a)吸收区均匀梯度掺杂、等分成2分的均匀梯度，等分成6分，12分突变掺杂变化的能带结构

图；(b)缓变的掺杂浓度分布突变梯度分布中将吸收区分别平均分成2，4，6，8，10，12个区域的吸收区电

势差，可看到将吸收区分成4等份的突变梯度在吸收区的电势差大，载流子可获得较大的动能渡越吸收

区。

2．1。2提高光吸收

器件的光吸收有响应度值反映的，响应度受到通光面的光透射率，吸收层材料的吸收

系数，光吸收长度和光生载流子的收集效率决定。

(1)通光面的光透射率可以通过增透膜的优化提高：以单层增透膜为例，空气、Si02

薄膜、Ge吸收层的折射率分别为111、no、n2，薄膜no厚度为d，得到空气与介质薄膜之间

的反射率rlo以及介质薄膜与Ge吸收器件层的反射率r02。把入射光强度设为1，可得到一

次反射光线1的强度为r10，经过两次透射一次反射的光线3的强度为r02(1一rio)2，经过

两次透射四次反射的光线5的强度为氇rO_20(1一rio)2。事实上，反射光线5非常小(～10石)可

以忽略不计。返回空气中的光线主要是1和3，因此只要光线1和3满足相位相反，振幅

相同，才可发生电磁场的相干抵消。
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图2-4光在单层膜中的反射示意图

为使1和3的相位相差71；的奇数倍，发生相消干涉。对薄膜的厚度有一定的设计要求。

当光从光疏介质(折射率小，光传播速度速大)入射到光密介质(折射率大，光传播速度小)

时，反射光有半波损失。由于本文设计的增透膜折射率关系式：nl<no<n2，所以光从n1到

no和n0到n2的反射有半波损失，因此光波1和3都经历了半波损失，互相抵消。继而得

工

到单层增透膜的厚度d=(2Jj}+1)÷，其中k为任一自然数，九为光在真空中的波长，本
‘+啊

文中设置为0．69m。

(2)光生载流子的收集效率主要是受到器件电场分布和材料内部的复合中心的密度决

定的，由于载流子的渡越时间一般小于载流子的复合寿命，因此载流子的收集效率一般认

为是1㈨J。

(3)吸收层材料的光吸收系数：本文的吸收材料为Ge材料，影响其吸收系数的主要是

材料的应力，当Ge材料没有受到应力作用时，吸收系数为840／cm@1550rim，当受到0．25％

的张应力时，材料的吸收系数提升到4570／cm⑨1550nm[61。由于本器件采用SOI这种柔

性衬底，可以有效降低外延层的应力【7，8，9】，本文的模拟中Ge材料在1550nm波段的吸收

系数约为1000／era[10 II 12]。

(4)光吸收长度：本文利用SOI衬底的BOX与Si材料的之间的大折射率差，将透射

到衬底未被吸收的光反射回到吸收层，提高光的吸收长度，从而提高响应度，图2．5是利

用FDTD solution模拟的有BOX和无BOX的结构的UTC器件内部的光强度分布，可以看

到BOX层插入可以将透射到Si层未被吸收的光反射到Ge吸收层被进一步吸收，同时还

与入射的光发生相干作用，在各层中形成明暗交替的相干条纹，增强光反射和光吸收。光

吸收效率由通常的只6=‰(1--e一’，进一步增大到P．b=岛(1-e一曲)+Po"P—dD·jk·(卜P一哆

获得更高光吸收效率。
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Anti—I’eflection film(Si02)

鳆microns) ×≤micron$；

图2．5 FDTD solution模拟得到SOI衬底的BOX层反射的光与入射的光发生相干效应，形成明暗交

替的波纹，同时看到Si底部漏光强度，SOI衬底也远小于Si衬底。

定量的计算需要将传输矩阵法(SMM)将介质前后空间的电磁场联系起来，计算整个

系统光透射率与Si材料层厚度X以及BOX层厚度Y之间的关系，得到光吸收效率。

传输矩阵法多应用于多层周期性交替排列介质(如图2．10所示)， M(z)为传输矩阵，

反映的介质前后空间电磁场之间的关系，而其实质是每层薄膜特征矩阵的乘积，若用鸠表

示第j层的特征矩阵，则有【珀]：

蚱)=尊鸠=l绸(2-4)M(z)=兀鸠=l三二I

即[，≥划 陋5，

其中‘为相位厚度， 6j=2五z
N』djcosOj(2-6)
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Mi的表示为一个2x2的矩阵形式，其中每个矩阵元都没有任何实际物理意义，它只

是一个计算结果。以薄膜光学理论，以及麦克斯韦方程组及边界条件得到，透射薄膜的特

征矩阵中，％为第J层介质的复折射率，aj为第j层介质的厚度，岛为入射角，协为修正导

纳，对于垂直入射珂，罨M。可得一般情况下的反射、透射系数表达式：

，一770一771 f一2r／o

770+771 770+确
卜叫

对于垂直入射型Ge／Si UTC器件(如图2．1)，入射光波依次通过空气层、Si02层、Ge

层(0．6}．tm)、Si层(x岬)、BOX层(y grn)、Si层(340岬)计算最小的透射率与反射
率之和，入射光波长为1550nm，锗在该波长的吸收系数为1000／cm，可得到器件最大的吸

收效率约为0．176，此时的Si层厚度为1．1I．tm，BOX层厚度为1．85岬，相较于无BOX结
构，吸收效率提高1．5倍。由于SOI衬底规格有一系列标准，选定的BOX厚度为29rn，

通过SMM计算得到Si层厚度与光吸收效率的关系如图2．7(b)，Si材料的厚度对吸收效

Thickness of Si layer 撤tmess稿&细暇铷哺
图2-7(a)吸收效率与BOX层和Si材料层厚度之间的关系，(b)将BOX层的厚度设置为21．n'n，Si层

与吸收效率之间的关系曲线。

2．2高响应度硅基锗UTC探测器的制备

2．2．1低高温两步法生长si基Ge薄膜

Ge、Si的{100)、{110)晶向的表面能分别为婚{100)=1835erg／cm2,crGe(110}=1300erg／cm2、

crSi{100}=2130erg／cm2、吣ifllo}=1510erg／cm2(1erg=100nJ)，因此Ge可以浸润Si表面[14]；另

一方面Ge／Si之间的晶格失配为4．18％，因此Ge／Si异质外延以SK模式进行。

25
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Ge／Si外延的SK转变发生之后，将主要形成两种位错，一种是在Ge／Si界面形成的失

配位错(如图2-8(a))，另一种是在Ge薄膜中形成的穿透位错(如图2-8(b))。失配位错是

主要的释放应变能机制；穿透位错是形成失配位错的副产物[151。位错只有在遇到表面、或

者自身形成位错环时才能终结，而外延膜表面是最接近衬底的自由表面，因此穿透位错存

在于整个Ge外延膜中、一般是从Ge／Si界面开始到Ge表面结束。

图2—8 Ge／Si(001)#bN膜的两种位错。(a)Ge／Si界面的失配位错(misfit dislocation)；(b)Ge薄

膜中的穿透位错(threading dislocation)

由于Si和Ge室温下的晶格失配率约为4．18％，并且会随温度的增加而继续增大[16]，

使得在Si衬底上外延生长高质量的Ge材料，成为了一项重大的挑战。为了降低晶格失

配，跟中科院半导体所合作采用高温Ge缓冲层【l‘7】的外延生长方法。首先在400℃以下的

温度下生长出应力弛豫的Ge Buffer层，然后将衬底温度提高到600℃左右，生长合适厚度

的Ge层。生长后，为了提高材料质量，可以进行循环退火处理。最终获得的材料的位错

密度在107cm2量级的水平，表面的平整度也比较好。其中前两种工艺比较复杂，而且生长

材料过渡层比较厚，不太适合集成器件的研制，而低温Buffer层技术工艺比较简单，过渡

层薄，材料表面平整，成为目前Si衬底上Ge材料生长的主要方法。

本文所使用的样品便是采用低高温两步法生长的Ge外延膜。具体生长步骤如下：

1)清洗SOI(100)衬底；

2)SOI(100)衬底在分析室中除气，然后在生长室中脱氧；

3)2700C下使用高纯GeH4生长60nm厚的Ge缓冲层；

4)6000C下使用高纯GeH4生长Ge薄膜，同时通入B2H6气体进行原味掺杂．
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图2-9(a)Ge／Si外延膜的TEM图样；(b)利用SIMS测得Ge吸收层中B原子的分布，同时利

用silvaco模拟此杂质分布下器件内部的能带结构和电场分布。

2．2．2双台面器件结构加工

通过微纳加工将样品分成直径为15／18／20／25／30／40／50／60／70／80／90／100／150／200pm不同

尺寸的圆台型垂直入射器件。具体工艺如下：

1)离子注入BF2+，剂量(Dose)为4x1015cm～，能量(Ene略y)为30keV，在Ge表面形成

高掺杂的P+型接触层。

2)退火激活离子注入。

3)样品清洗。由于Ge／Si材料的特殊性，清洗时不可以用强酸、强碱以及强氧化性的

化学试剂进行清洗，否则会将样品彻底损坏。所以，本论文中涉及到的所有Ge／Si样品，

全部都是通过离子水_乙醇_丙酮_乙醇_去离子水，进行循环清洗。

4)光刻M1版，形成各个尺寸的圆台。

5)利用Alcatel 601E硅ICP刻蚀机，shallow2程序设置参数，刻蚀深度O．85．0．95I，tm

之间，到达Si重掺杂接触层。一般ICP刻蚀存在均匀性误差，样品中心和样品边缘刻蚀深

度误差在100nm左右，随着刻蚀材料的均匀性不同，刻蚀参数设置的不同，这个误差值会

增大或减小，但是无法消除。
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掣瓣鬻震
I—Si 0．3}lm

i 鬻

缫囊羞≤．．。。誊繇蔓≤j毒So重囊耋i镧繁爨簿S耋l重国鼬I．⋯。 爹誊1|j

} SOl BOX (2舀蔫爹

Si substrate

图2．10光刻版M1，刻蚀上圆台

6)套刻M2版，在上圆台外围形成下电极台面。

7)利用Alcatel 601E硅ICP刻蚀机，shallow2程序设置参数，刻蚀深度1．0I_ma左右，

刻蚀到氧化绝缘层。

图2．11套刻版M2，形成下电极台面

8)套刻M3版，将下电极位置空出，其他位置涂胶。

9)蒸发下电极金属Ni／A1=100／250nm。

10)带胶剥离下电极。

图2．12套刻版M3，蒸发下电极

28
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11)退火合金。

12)套刻M5版，将上电极位置空出，其他位置用胶覆盖。

131蒸发下电极金属Ni／Al=50／350nm。

14)带胶剥离下电极。

露懑繁《i镒瓣醐黼鬻黼l鬻鳞黼籀瓣
I—Si 0．31am

，斑蕞慧薹羞萋荟薹塞麓萋荟鬻篡嚣嚣鬻鬻搿罄冀黧髯鬻篓薹蠹，。 ，，诌黪，⋯。

。。 l遂鎏篓萋篡囊羹■誓i奠囊l鍪l鍪⋯

塑!竺坚!竺竺⋯。

图2．13套刻版M5，剥离形成上电极

15)退火合金。

16)PECVD沉淀Si3N4 600nm左右，钝化器件表面。

17)套刻M6版，将上、下电极位置空出，其他位置用胶覆盖。

18)ICP刻蚀SiaN4 600nm，过刻蚀，将电极露出。

图2．14套刻版M6，刻蚀钝化层，露出上下电极

19)光刻M7，将生长pad电极的区域暴露出来。

20)沉积金属，剥离。
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图2-15套刻版M7，蒸发pad电极。

21)PECVD Si02，550nm。

22)M8将电极测试点暴露出来。

23)刻蚀Si02，550nm，过刻蚀，到达电极层。

作用：将Pad电极用氧化层覆盖，防止金属电极与空气接触氧化，增大电极电阻。

2．2．3器件工艺结果

图2．16套刻版M8，露出电极测试点。

通过以上的材料外延和CMOS工艺加工，得到垂直入射型Ge／Si UTC器件，直径为

15岬的单元器件的俯视图如错误!未找到引用源。。可以看到，器件上电极采用开放式的半

环，以提高小尺寸器件电极剥离成品率。
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图2-17直径为15pm的器件的俯视图。

对于此批器件圆台直径低于259m的器件，上电极圆环均采用开放式的马蹄铁形状。

原因：光刻M5版(上电极图形)时，样品表面已经刻蚀上下台面，且上台面与样品底面

存在1．O啪左右的台面高度差，造成光刻匀胶时上台面光刻胶厚度远小于样品底面，通常

带胶剥离要求光刻胶的厚度至少是金属厚度三倍以上，才有可能全部剥离，特别是在封闭

图形(如圆环)以及图形间距很小的情况下，光刻胶的厚度要求更高。举例说明：SUSS

Delta80匀胶机3000转40s，在无图形光滑晶片上旋转涂附正胶AZ6130，样品中心区域胶

的厚度在2．3¨m左右。如果晶片上已有圆台型图形，图形的上下台面有1．59m高度差，则

涂胶后晶片上台面中心处的胶厚降为1．5岫左右，胶的厚度会随着台面尺寸的减小而减薄，
且圆台的中一t3区域最薄，此时对于上台面封闭圆环内部的金属根本无法剥离，因此选用了

开放式马蹄铁形上电极，实验证明，改进的电极图形不仅未影响器件性能，还大大提高了

小尺寸器件的成品率。

2．3高响应度硅基锗UTC探测器的性能分析

完成了器件微纳加工工艺后，要对器件的电学以及光学性能进行表征，由本文第二章

第一部分的分析可知，表征一个探测器性能好坏的参数有：暗电流I．V曲线，光电流I—V

曲线，器件电容C．V曲线，以及器件带宽的输出功率．频率曲线。本实验室使用探针台进

行I．V和C．V曲线电数据提取工作，使用AgilentBl500A进行数据的现实和分析。
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(a)

2．3．1暗电流特性

图2-18 I-V测试所用(a)探针台和(b)数据分析仪示意图

通过测试得到各个尺寸器件的暗电流I．V曲线，如图2．19所示，器件表现出良好的二

极管特性。器件圆台直径为159in，其在一1V偏压下的暗电流为58 nA，暗电流密度为96-3

mA／cm2；直径为30岬的器件的暗电流密度为61．9 mA／cm2。

图2·19垂直入射型Ge／SiUTC各尺寸的暗电流的I—V特性；(b)各尺寸器件暗电流密度与圆台直

径的倒数1／D的关系。

由图可见，器件的暗电流密度随着器件尺寸增大而减小的，暗电流可写为【18】：

I川咐Ⅳ@uurf×万D

以=以。腩+以。矿×五4

(2-8)

(2-9)
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理想情况下，器件的暗电流与1／D(即器件直径的倒数)呈线性关系。错误!未找到引

用源。标示出了不同尺寸器件(IfD)对应的暗电流密度，并得到以IfD为变量的一次方

程的拟合曲线。直线的纵轴截距为器件的体暗电流密度，斜率为器件的侧壁漏电流线密度。

得到GelSi UTC器件的体电流密度为42．9 mA／cm2，器件的线电流密度为10．2叫cm。对
于Ge／Si半导体器件而言，器件的体暗电流主要是源于晶格失配形成的线位错，其值正比

予线位错密度NrDD。因此减小线位错密度，提高Ge外延层晶体质量是降低器件暗电流有

效方法。

2．3．2器件光响应特性

10。9

10。10

D

O

Current on lIlumination

Optical responsivity=0．18 A／W 口

叻rK
c。u．rrent：23 nA@0 V“16肚@-1 V Io． @ ，o．1肚@-1 ^

voltage(V)

图2-20直径为151am器件的光响应特性。

器件的光响应测试是利用JWDll00直流光源发射波长为1550nm的直流光信号，通过

出射孔径为9岬的单模光纤探针导入到垂直型器件的通光孔上，并通过直流探针以及电学

分析仪对输出信号进行检测。入射的光功率为1．2mW，直径为15I-tm器件光／暗电流随偏压

的变化曲线如图2．20。器件在．1V偏压下的光电流约为0．216mA，对应的光响应R为

O．18～W，量子效率为14．4％。同时在图中可看到，在零偏压下的光电流与反偏电压下的

相近，说明器件能在零偏压的条件下正常工作。

2．3．3器件的频率特性

入射光的波长为1550nm，光功率为O．5mW，通过调制器调制入射光频率，将一定调

制频率的光入射到光电探测器上，读取探测器的输出功率。对输出光功率进行归一化处理，

得到调制频率与归一化输出功率的关系曲线(如错误!未找到引用源。)。当输出光响应功率

寸

4

{

{

寸

{

竹

如

伯

伯

佃

伯
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降为未调制(或低频调制)输出功率的一半(即．3dB)时，此时光调制频率为该探测器的

截止频率。

UTC结构探测器器件的3-dB带宽可以通过公式计算获得近似结果。假如取器件的负

载电阻RL=50Q，Ge材料电子的饱和漂移速度Vth=6X106 cm／s，Ge的相对介电常数为16．2，

真空介电常数为8．85418x1014 F／cm，由公式(2．1)、(2-2)幂1：I(2．3)可以得到理想状态下(即

R，=0Q，电容为结电容，不考虑其他寄生电容)不同尺寸的UTC结构器件耗尽层宽度与3-dB

带宽的关系曲线(如图2．21)，同时图中也标出了器件的实际带宽。实际的器件内部存在

欧姆接触电阻，结电阻，扩散电阻等内部电阻，器件侧壁及衬底等也存在着一定的寄生电

容，以及测试误差等造成了实际器件的带宽要低于理论值。

≯『i?／攀戮⋯兰
落{艄罴麓

0．2 0．4 0壕0．8 1‘o

Wc thickness of collection layer《pm)

}：孓‰l- 么。副 ＼'将l

-一篓3i㈣-蚓z}≮、1l30 Ii：?mrr'lmlr 30 讯I—t40 1一D‘a舸蕾“r=}期 } 强 k I

．笋瓣@锄移髓§㈣ ⋯；I。＼．!I
o．’ 1

F珀q瑚'oy fC》∞

图2-21直径为15Ima，309in以及40岫器件在-5V偏压下的3-dB带宽与理论计算的带宽对比。

2．3．4饱和度特性

饱和度主要受到负载电阻的电压降低、收集区的空间电荷效应以及热效应的限制。探

测器上的电压可写为：

VpD：Vt．,ia。-{耙R。一l。oRL+Rs、}心j二弋丽
(2-10)

其中，厶为时变光电流，ldc为时间平均光电流，R￡为负载电阻，Rs为串联电阻。

无m 2等卜‰勘名+筹‰) pⅢ

其中，铀为硅的介电常数，v。为电子的饱和漂移速率(～107cm／s)，w。为收集区的宽
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度，％为内建电势，E柳为电子未饱和时的电场强度(35kV／cm@Si)，NDc为收集区的施

主浓度。稍高于最大电流密度时，收集区电场趋近于0，无电流被收集。

利用矢量网络分析设备分：3rJ钡,U试直径为40 gm和18 grn在不同偏压和不同光入射功率

下的RF功率，测试结果如图2．22所示，直径409m器件，带宽2．55GHz，在1GHz的调

制频率下，饱和输出射频为4．6 dBmW，对应的饱和电流为16．24mA：直径189rn器件，带

宽7．23GHz，在3GHz的调制频率下，饱和输出射频为3．7 dBmW，对应的饱和电流为

】6．22mA。

Optical Current(mA)

图2．22直径为151am和409m器件在不同偏压下的饱和性能。

2．4本章小结

本章首先介绍了垂直入射型Ge／Si UTC探测器的发展现状，其次介绍器件的电学和光

学设计，包括缩短载流子渡越时间以及增大光吸收效率，接着通过原位掺杂的高低温异质

外延方法以及与CMOS兼容的半导体加工工艺，制备出不同尺寸的台面型垂直入射Ge／Si

UTC探测器，最后对完成的器件进行性能表征，器件的暗电流密度(一61．9 mA／cm2@一1V)，

将器件的光响应提高到O．18A／W，直径159m器件带宽为9．73GHz，同时器件具有良好的

饱和度特性，直径189rn器件，在3GHz的调制频率下，饱和输出射频为3．7 dBmW，对应

的饱和电流为16．22mA。
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第三章高灵敏Ge／Si波导吸收倍增分离型雪崩光电探测器

随着信息科学和网络急速的迅速发展，人们对传输比特率，传输波长，长距离或长中

继器(repeater)间距等提出了更高的要求【1|。中继器，又被叫做再生放大器，工作于OSI的

物理层，是局域网上所有节点的中心，它的作用是将光信号转化为电信号，进行复制、调

整和放大，以此补偿信号衰减延长网络间隔长度。由于信息传输存在损耗，在光纤中传输

的信号功率会逐渐衰减，衰减到一定程度时将造成信号失真，因此会导致接收错误。中继

器就是为解决这一问题而设计的。它完成物理线路的连接，对衰减的信号进行放大，保持

与原数据相同。在网络传输中，减少中继器的数量可以扩展系统比特率容限，提高传输距

离，增强可靠性，降低系统维护费，进而降低整个网络花费【2’3，4|。

网络中继器之间的间隔距离是由发送系统(transmitter)、光纤损耗、光纤连接器损耗以

及接收器灵敏度共同决定的。图3．1给出了在光连接系统中各组成部分对光衰减的影响。

其中接收器耦合损耗容差(Link loss budget)是由接收器前端输入的光功率减去接收器的

灵敏度计算得到的，由系统各组成原件的质量，寿命、稳定性以及温度等因素决定的。

Ptx

料
辞
求

P舳

传输长度

budget

图3．1在光联接中损耗分布

随着信息科学和网络技术的发展，人们对于接收器的带宽要求越来越高，由PIN结构

探测器分析可知，光信息的调制频率越高，长距离通信的损耗就越大，器件的可接收最小

光功率就越越大，为了满足现今的长距离通信系统中高灵敏度要求，雪崩探测器(avalanche

photodetectors，APDs)成为又一研究重点。

雪崩探测器内部部分电场要远高于普通的PIN器件，在该高场区的载流子发生雪崩倍

增效应，形成光生载流子的内部增益，因而在相同光电流的输出情况下，雪崩探测器的入

射光功率更小。统计结果显示，商用的雪崩二极管的灵敏度高于普通二极管lOdB左右【51，
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在保证高比特率的同时中继器最大间隔增大了50km，减少了光通信网络中中继器的使用，

降低成本。但是，雪崩探测器倍增效应会增大器件的噪声，降低器件灵敏度。因此研究低

噪声，高灵敏度的APD成为长波长红外通信系统重点研究方向。

3．1新型Ge／Si波导雪崩光电探测器

3．1．1新型纳米Ge／Si WG SAM．APD结构

基于高质量Ge单晶纳米条形结构的选择外延方法，结合纵向Ge吸收和横向Si倍增

结构设计，我提出了一种新的纳米条形Ge纵向吸收、Si波导层横向单侧倍增的波导Si／Ge

SAM．APD结构，能够突破现有雪崩光电探测器由光学耦合吸收方向与雪崩倍增方向一致

所导致的光学与电学性能相互制约问题，解决高效率光响应与高效率载流子倍增之间对器

件结构要求的矛盾，具体结构如图3．2所示，具体优点和特点分析如下：

·～

图3-2提出的纳米尺度波导Si／Ge SAM．APD器件结构示意图。

1．采用Si基单模波导至ljGe吸收层的直接倏逝波耦合，消除传统波导器件前端的taper

波导或多模波导等光耦合组件损耗，增大入射光强，并使光强中心集中于Ge吸收层边沿附

近，增加单位长度下的倏逝波耦合效率，并且通过优化吸收区与电荷区电场设计，获得高

的光生载流子收集效率和高的器件的光响应度。采用位于Si波导层的横向单侧倍增区，载

流子倍增长度由现有的Si材料纵向厚度变为波导层的横向宽度，倍增层的厚度不再受到耦

合效率的限制，增大器件电学结构设计的自由度，优化器件的倍增性能。因此本课题研究

器件能够同时实现高的光响应和高效率倍增。

2．j#Ge吸收层的宽度缩小到纳米量级，能够在保证单位耦合效率的同时降低异质结

截面积(4 I)，而且有利于将晶格失配造成的应变弛豫向材料边缘扩散并释放，晶格质量

将远高于大尺寸选择外延材料，降低异质结界面处缺陷态引入的单位暗电流密度(如地1)

和面积噪声，因此大大减小了器件的体暗电流(如矿彳也枞)。由于该部分暗电流会随雪

崩效应发生倍增，因此减小Ge吸收层宽度，可以有效增大器件信噪比，优化灵敏度特性。

3．将Ge吸收层的宽度缩小到纳米量级，有利于pn结界面的电场从倍增区向电荷区和
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吸收层扩展，将电荷区和吸收层完全耗尽，载流子的输运方式由微米尺度结构的扩散运动

转交为纳米尺度下的漂移运动，将大大减小载流子的渡越时间，从而提高了器件的频率响

应。

4．单侧Si材料倍增区，将载流子的输运和倍增通道确定并唯一，避免两侧相互独立且

结构不严格相同的倍增区中，光生载流子随机选择不同的输运和倍增通道所引发的倍增系

数(M)浮动现象，进一步提高器件性能。

5．器件制备仅需一次的材料外延，有效简化制备工艺，与传统的CMOS工艺兼容，降

低成本，工艺容差大，便于实现高性能。

因此，我们相信此新型的波导纳米级Si／Ge SAM．APD器件，不仅能够满足高耦合效

率的光场设计要求，同时能够满足大倍增系数的电场设计要求，在实现高耦合效率高响应

的同时具有低噪声和大带宽特性，能实现高灵敏度大带宽探测。

3．1．2 APD探测器关键参数

1．雪崩倍增因子M

APD的倍增因子M定义为

M=孚 (3-1)

其中厶，是APD的输出平均信号电流，Io是平均一次信号电流。在APD中由于不可避

免地伴随着噪声，倍增因子是在一个平均值上发生着随机起伏的量，上式的定义应理解为

统计平均倍增因子。空穴电流增量等于在dx距离内每秒产生的电子．空穴对数目。我们可

以通过以下的速率方程来求得APD的倍增系数。

dl啦D=aI办jr pI夯 b∞

这里厶和厶分别为电子电流和空穴电流，0【和p为电子和空穴的碰撞离化系数。在APD

的增益区内，稳态总电流I=L(x)+L@)应该保持不变，则式是(2·12)变

孥：(a-p)／．+flI (3-3)
tlX

、

一般情况下，若增益区内的电场均匀，则Ot和p与X无关，如果再假设驴p，考虑到

雪崩过程是在厚度为％的增益区上x=0处开始，可以利用边界条件I仰D(Wd)=0和

IxpD(Wd)=1。则由(2-13)式可以得到倍增因子的表示式
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M=需=面而1-,,6而／g而 p4)
厶(O)ex“-(口-∥)w：卜∥／d

⋯⋯

可见，APD的倍增因子与碰撞电离系数的比值B／a有很大关系，当只有电子参加碰撞

电离倍增过程时，p=O，这时M=exp(aWd)，因此APD的倍增因子随耽按指数增加。如果

口审，则用口一似j砂玎矽代替(2·14)式中的exp[-(a-声)wd，得到：

M。面 (3-5)1．d∥： 、

在aWd=l时此公式失效，称为雪崩失效条件。尽管在旺和13相近的情况下可以以很窄

的增益区厚度获得较高的增益因子，但是在Q和13较接近的情况下APD的响应带宽将大

大减小，并且噪声很高，所以实际应用中采用电离系数比远小于1的(即a>>声或胗>乜)

材料，如本文中采用的Si材料。

2．击穿电压(‰)

雪崩击穿电压定义为当放大倍数趋近于无限大(oo)时对应的电压值。用电离积分表

示的击穿条件为：

r口eXp[_r(d一∥边’]出一 (3-6)

上式表示的是雪崩过程由电子引发的，若雪崩过程由空穴引发的表达式是等效的。因

为击穿仅取决于耗尽区内发生了什么，与最初引发雪崩过程的载流子类型无关。

实验中，通常把APD器件的暗电流为100斗A时的器件偏压看作是该器件的击穿电压

VBD。

3．过剩噪声

对一个性能良好的光接收器而言，要求有尽可能高的接收灵敏度或尽可能低的最小可

探测功率(即达到误码率为10’9时所需的最小入射光功率)。对于PIN光探测器，影响其探

测灵敏度的主要噪声源是来自于跟随其后的放大器的热噪声。而在具有内部增益的APD

中，光接收器不再受外部放大器热噪声的限制，所以光生载流子的雪崩倍增作用成为了提

高灵敏度的一个有效途径。由于单个粒子的碰撞电离行为不确定，所以整个雪崩过程的增

益是不确定的，具有随机性。这种雪崩增益的随机性称为过剩噪声，以区别光电二极管固

有的热噪声。过剩噪声可以引起接收器误码率的上升和灵敏度的下降。因雪崩增益有起伏，

增益的均方根心压2>大于其平均值的平方心胗2。过剩噪声可用噪声因子表示为[6]：
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川脏(M2)一(M2)F(M)兰嵛2蒂
(3·7)

噪声因子是与理想无噪声倍增情况相比的散粒噪声增量的量度，依赖于电离系数比a／B

及低频倍增因子M。若旺和B数值相差较大，器件能获得较好的倍增因子，噪声因子也会

较小。

对于本论文所设计的吸收和倍增分离型雪崩探测器，在倍增区仅有电子注入，噪声因

子可写成[熊2未定义书签·]：

F删1-(1坝等)2]≈撕+(2-扣捌 陆8、

由于只有电子注入，则k=B旭，为是过剩载流子噪声降至最小，k值要小。而对于只有

空穴注入的情况，k’--cap，为获得小的过剩噪声，要降低k’值。而Si是所知的p／0【较小的材

料之一，因此SVGe分离型雪崩探测器倍增区为Si，可有效的降低散粒噪声，增大增益。

3．2纳米Ge／Si WG．SAM．APD器件的光学结构设计

垂直入射型器件的响应度受到通过孔径和吸收区厚度的限制，而端面入射由于吸收长

度等于器件长度，因此其相应的主要受到端面的透射吸收的限制。理论上相同的响应度的

两种入射结构器件，端入射结构的器件尺寸要小于垂直入射器件，频率特性也更好。但是

实际器件工艺中，侧入射器件的入射端面容易受到刻蚀，钝化以及划片等情况的污染，入

射端面情况不易控制，成品率不高。波导耦合结构有效的避免了以上问题，同时吸收长度

和载流子的渡越路径相互垂直，有利于获得高响应大带宽特性。倏逝波耦合型光电探测器

完整的结构包括fiber-chip耦合端口，片上单模传输波导，波导．器件耦合端口，探测器四

部分。其中fiber-chip耦合端口和波导．器件耦合端口一般利用taper波导以提高耦合效率，

片上单模传输波导需要设计结构尺寸以降低传播损耗以及不必要的干扰。
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3．2．1 fiber-chip耦合设计

图3-3光纤与片上波导之间的耦合方式即：(a)端面耦合；(b)垂直耦合。

光纤与片上波导结构耦合的方式有两种：端面耦合(butt．coupling)和垂直耦合

(Vertical．coupling)，如图5．1所示。端面耦合要求片上波导端面与光纤出射端口严格对准，

样片端面要进行切割或抛光，且对偏振光波反应不灵敏，优点是大带宽，可耦合大调制频

率的光信号。相反的，垂直耦合的对准要求不高，可直接进行片上测试，不需要切割或抛

光，极化反应灵敏，但是带宽相对较小。

端面耦合实质上是一种模式转换器，一般利用锥形(taper)结构将光纤中的光模式转换

到片上单模波导中。现最常用端面耦合分为三种结构【8】：横向锥体(Lateral taper)，如图

3．4；纵向锥体(Vertical taper)；横向和纵向结合型结构(Combined vertical&lateral taper)。

∥澎
图3．4横向锥体设计：(a)横向倒锥掩埋波导【9】；(b)横向正锥掩埋波导[101；(c)与耦合光纤通过

横向单锥形波导与脊型波导进行模式匹配[儿】；(d)通过多级锥体进行光纤波导与脊型波导的模式匹

配【12】；(e)双横向掩埋锥形波导重叠[13】；(f)另一种双横向掩埋锥形波导重叠结构㈣；(g)通过嵌套

式锥形波导将光纤波导与脊型波导模式匹配[15]。

硅基光波导常用单侧锥入射结构将脊型波导与光纤进行光场匹配[16，17,181，通过

spot-size转换器的光场匹配方式，解决了多模场尺寸不一的问题，并通过提高工艺质量降
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低了由波导高折射率差造成的侧壁散射损耗。如图3．5为片上波导与光纤耦合端口，其中

设计参数为高度h，前端宽度14；，，taper长度，，，后端channel宽度既四个参数。为了实现

单模传输波导(channel)的高度h=220nm，宽度为Ww=400nm。通过R-soft模拟可得到对

于TE／TM模式1550nm光入射，端口耦合效率受到w，的影响，当wt=200rlm+__20nm光纤

与片上波导的端耦合效率最高【16]，通过2D FDTD solution模拟和理论计算【19]，得到It>__40um，

选用lt=150nm。

垂直耦合主要是光模式场匹配原理，将光耦合到多模波导中，再利用taper将耦合入

射的光转化成单模。本文利用电磁场理论中模式展开法与等效折射率结合的方法计算与单

模光纤出射光模式匹配的周期光栅结构，获得高的耦合效率。得到的耦合光栅的周期为

630nm，占空比50％(光栅齿、光栅槽各宽315nm)，光栅槽刻蚀深度70nm，耦合角度：8。

(光纤偏离垂直方向的角度)，结构剖视图如图3-6所示，耦合光栅长12“rn，共20个周期

凹槽，此时的光耦合效率为49％@1550nm。

[一s“)z c-aa凼ns动静 跏一蛾

图3-5(a)片上波导入射端口的nanotaper的空间视图；(b)单模光纤的尺寸选择。

BOX 0 20m i

图3-6通过电磁场模式匹配计算得到优化的垂直耦合光栅结构。

xo≈¨l

8^嚣。姑■
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3．2．2 单模传输波导

为了防止对准光纤中逸散光入射到探测器的侧面上，要将光纤耦合端与探测器放置到

不同平面上(如图5-6(a)所示)。为了减小波导的传输损耗，需要采用脊行弯曲波导进行光

传输。因此，首先通过有效折射率方法(Effective Index Method)t20]计算大截面脊型光波导的

单模条件，如图5-6(b)。得到在中间区域仅有m=0的基模存在的条件是：

古>0．5一o．50- (3．9)rr 、_7，

秒∽谛箫 p㈣

其中盯=乃／[七(砰一，2；)]1／2+儿／[Jj}(彳一M；)]¨2，对于TE模式，y，动：j；对于TM模

式，rl=(n2／nz)2和妇=伽咖∥2。同时，七=2矶。将砌=协为氧化硅的折射率1．46，n1为Si的
折射率3．48，得到脊型波导的单模条件，图5．7所示。此次设计的脊型波导宽W为400nm，

刻蚀深度为100nm。

(a)3翔
劲

¨

*土7

：2,6

老2．5

“

∞

t2

N2 N2

图3—7(a)器件传输波导结构示意图；Co)有效折射率法计算单模脊型波导结构。

， I．要熊垒．1

7■淼也忑臻胜塑T琶O

9。4 0．6 O．8 1．0l 1,2 1．4 1,6 1．8 2,0

w¨蜷幽t Width(urn)

(b)：：
一l石

墨1．5
茎1．4
耋13
笔1．2

弘
妻抽
篡
n．7
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图3-8脊型波导的设计参数

其次，采用有效折射率方法(EIM)和速度补偿方法对曲线形SOI脊行弯曲波导的辐

射损耗进行计算分析。对弯曲平板波导可采用速度补偿方法分析，为了保持光波波形的完

整性，弯曲波导中的光波等相位面应该是以曲率中心为起点的一系列辐射状平面，因此波

导中心轴外侧，随着中心轴距离的增加，导膜的相速度也越来越大，等效于波导的有效折

射率越来越小。波导对光场的限制也越来越弱，当中心轴距离达到一定阈值时，波导的有

效折射率等于覆盖层的折射率，此时的波导己对光场没有限制作用【2lJ，辐射损耗达到增大，

根据有效折射率方法和速度补偿方法得到弯曲平面波导的场辐射衰减系数为：

a=G exp(一C，R) (3．11)

式中：C1= (3-12)

C2：—2qI(flF-koN2)(3-13)‘

knN、

其中，R为曲率半径，凰h，w和d等参数定义与图5-6(b))fEl同，锄=z宽么口，∥咄∥为

直波导的传播常数由内外脊折射率和脊宽w决定；N为等效光波导的有效折射率，

P=,／kgN?一∥2，g=√∥2一砖髓。上面的分析可知，C，和C2是与曲率半径R无关的
常数，而振幅衰减系数理与曲率半径R呈指数关系，曲率半径越小，辐射损耗越严重。将

振幅衰减吸收d为1Np／m(1Np=8．686dB)1拘曲率半径定义为波导允许的最小曲率半径【22】，

脊型波导结构和入射光等已知的条件，可得到此结构的最小曲率半径为109in。

3．2．3波导与吸收层的耦合设计

根据耦合原理和方式不同又分为：a．倏逝波耦合(evanescent coupling)和b．对接耦合(butt coupling)P盯种，

分别如

图3-9所示。
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(a)

—_

(b)

_一

隧戮囊溯缀翳龋鬻鬻麟ll骥lrib—⋯一—一
Slab Si

0xide

h+

图3-9波导器件光耦合类型，(a)倏逝波耦合型；(b)对接耦合。

倏逝波耦合[23,24]的光传播方向和吸收方向垂直，利用电磁场的指数消逝理论将电磁波

从一个介质传播到另一个介质中，根本上是两个电磁场的近场相互作用。从数学上讲，此

过程类似于量子隧穿。对接耦合的光的传播方向和吸收方向平行，可以通过设计光入射到

波导和吸收材料界面时的入射角以及增透膜的设计可以达到光波的100％吸收，比倏逝波

耦合效率高，通过FDTD solution模拟得到倏逝波耦合、对接耦合以及两种耦合模式共存

时器件中心轴平面的光强分布，如图3．10，通过光强的分布可看到倏逝波耦合和端面耦合

在前10t．ma长度下已经将大部分的光吸收，但是由于对接耦合光入射角设计和增透膜设计

大大增加了工艺难度，因此应用的反而较少。因此本论文论述的波导器件是倏逝波耦合入

射结构。
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鑫e

““)}‘_I；．。

图3．10 FDTD solution模拟计算得到倏逝波耦合、对接耦合以及两种耦合模式共存时器件中心轴所在平

面的光强度分布情况。

3．2．4 APD吸收层厚度(睨)设计

Ge吸收层的长度：通过FDTD solution模拟得到倏逝波耦合、对接耦合以及两种耦合

模式共存时Ge材料的吸收效率进行了计算，结果如图3．11，当Ge材料的长度达到lOpm，

厚度为O．5岫，两种耦合模式均能使光吸收效率达到93％以上。

Ge吸收层的厚度：由于A1金属电极对1550rim近红外波段有较强的吸收，因此在讨

论Ge吸收层厚度时，也要将金属电极的吸收考虑进去，模拟计算结果如图3．12，当Ge

厚度<0．49m时，Al金属吸收占主导；当Ge厚为0．4岫时，A1金属和Ge材料形成了模
式限制结构，有利于将光限制在Ge层，增强吸收；当Ge厚度>0．4Jxm时，Ge层足够厚，

能够到达Ge材料项部的光很小，此时A1金属对光吸收影响较小。

Fll瓢§《；；㈣

l≯i

．；．驴≤ll∥l-lL≯
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Butt·cou pli ng

0．96

0．95

0．94

X
■一

。；0
■一

△
L
o 0
∞
五

《0

93

92

91

0．90

0．89

图3．11倏逝波耦合与对接耦合的耦合效率对比。

0．2 O．3 0．4 0．5 0．6

Ge thickness fuml

ent wave

图3．12 FDTD solution模拟计算得到倏逝波耦合下不同Ge厚度时Al电极对吸收效率的影响。
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3．3纳米Ge／Si WG．SAM．APD的电学结构设计

图3．13 Ge／Si吸收倍增垂直型波导雪崩探测器结构示意图

3．3．1欧姆接触层的设计

欧姆接触的定义：指金属与半导体之间的接触，其接触面的电阻值远小于半导体本身

的电阻，使得器件操作时，大部分的电压降在于有源区(Active region)而不在接触面，此

时接触电阻可以忽略。理想的接触电阻对器件性能影响很小，接触面压降远不可与器件有

源区压降相比。

定义欧姆接触的宏观参数：比接触电阻民，定义为电流密度对界面上电压降的倒数[251。

耻(万dJ L-1 p聊

结合热电子发射扩散理论【26]，形成好的欧姆接触有两个条件：A．金属与半导体间有低

的电势差(Barrier Height)B．半导体有高浓度的杂质渗入(ND>1018 cm‘3)。前者可使接触

电流中热激发部分(Thermionic Emission)增加；后者则使接触面的耗尽区变窄，电子有

更多的机会直接穿透(Tunneling)，而接触阻值降低。一般对于Ⅳ族材料(Si，Ge)形成

低阻抗的欧姆接触半导体的掺杂浓度要在1019／cm3以上，由于载流子在该层采用扩散的方

式达到金属电极，因此为了获得较大渡越频率，此层的厚度不应太厚，一般选用厚度为

0．1哪。下表列举了本文所用的硅和锗的半导体接触材料。

表3．1硅和锗材料的金属欧姆接触212艺口7]

50
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n-Ge Ag-A1一Sb，Al，Al-Au．P，Au，Bi，Sb， p-Ge Ag，△!，Au，Cu，Ga,Ga-In，In,Ai-Pb，

Sn,Pb-Sn 池Pt，Sn

n-Si Ag，丛舢-Au，Ni，Sn，In，Ge—Sn， P·Si Ag，Al，Al-Au，Au，Ni，Pt，Sn，h，

Sb，Au-Sb，．Ti，TiN Pb，Ga，Ge，Ti，TiN

当器件电极金属处的电流密度均匀，则器件的接触电阻R=Ro／A，其中A为电极的接

触面积。

3．3．2电荷层的分析研究

雪崩探测器的电荷层为一层P型掺杂的Si薄层作用是在外加电场的作用下降吸收区和

倍增区的电场分离与N+掺杂的接触层Si本征区内形成雪崩高场，实现载流子的倍增，此

时要求Si倍增层电场高于发生雪崩的阈值电场(Si：3x105V／cm)，低于隧穿阈值电场(Si：

7×105 V／cm)；与P+掺杂的接触层形成低场耗尽，使得载流子以饱和速度漂移输运，此时

在Ge吸收区的电场要求低于雪崩阈值电场(Ge：1×105V／cm)，防止过高的过剩噪声，降

低器件的灵敏度。而电荷层起到隔离吸收区和倍增区，并调节这两个区域的分压和电场分

布的作用，由于新型纳米纳米Ge／Si WG．SAM．APD的电荷区为了有效调节吸收区电场，

其宽度与Ge吸收区宽度匹配，而为了有效吸收单模波导耦合的光信号，Ge吸收宽度与单

模波导的宽度匹配，因此，Si电荷区的宽度为0．4}．tm。主要靠电荷区掺杂浓度条件电场分

布：

A．掺杂浓度过低：耗尽区过早到达吸收区，将吸收区和倍增区之间的电场强度差别

拉低，当外加偏压使得倍增区的电场发生雪崩效应时，此时的吸收区的电场也会应为过高

而发生击穿，如图3．15(a)和(b)，此时的倍增区不仅有Si横向区域也包括Ge吸收区域，此

时器件的倍增系数可以很高(>105)，如图3．15(c)，但是由于Ge材料的电离系数比接近1，

此时器件的过剩噪声也很高，器件的灵敏度较低。
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C

O
=
嵋
U
∞

△
=

：

主

图3．14电荷层掺杂过低，Ge吸收区电场过大以致发生倍增。

B．掺杂浓度过高，将吸收区和倍增区完全阻隔，外加偏压主要降在倍增区两端，吸

收区内部仅有因掺杂浓度不同形成的内建电场，如图3-15(b)，虽然仍能完成载流子的收集

工作，但是载流子的漂移速率收受到限制，影响低倍增系数下的响应频率；同时器件在雪

崩倍增的大注入下，容易在Ge吸收层形成空间电荷效应而使器件发生饱和，从而限制倍

增系数的提高。由于电荷区将吸收区和倍增区完全隔离，当偏压升高时，器件内部压降集

中在倍增区两端，但是当偏压继续升高时，倍增区两端的压降不再变化，如⑦．20V和@．23V

倍增区电场近似相同，多出的电势差则集中在P型欧姆接触层与Ge吸收层界面处，而不

是由倍增区穿过电荷区扩展到吸收区(穿通型器件的电场扩展模式)，这种电场分布不利

于光生电子漂移穿过电荷区，进而进入倍增区发生雪崩倍增这一过程的进行。
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图3．15电荷层掺杂过高，吸收区的电场不随外场的变化而变化。

对于电荷掺杂浓度分别为O．8×1017／cm3，1×1017／cm3，1．5 X 1017／cm3，2 X 1017／cm3，3×1017／cm3，4 X

1017／锄3时器件内部电场分布进行对比，如

《’，

C
o

L
：

o
Y
L
门

口

图3．16所示，可以看到满足吸收区和倍增区电场分布：电荷区宽度0．4pm，掺杂浓度

Ixl017／cm3～3×1017／cm3，由于点电荷区内部的电场强弱决定了光生载流子在吸收区的渡越

时间快慢，因此，B掺杂浓度选用1x1017／cm3有利于获得高响应频率和低噪声。
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图3．16电荷掺杂浓度分别为0．8×1017／era3，1×1017／cm3，1．5×1017／cm3，2×1017／cm3，3×1017／cm3，4

×1017／cm3时工作在(a)．IOV和(b)．20V时器件内部电场分布和(c)暗电流以及击穿电压对比。
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3．3．3 APD倍增层设计

雪崩探测器的宽带雪崩倍增区是在P+掺杂Si衬底上外延的一层本征硅单晶层。器件

在较大的外加反偏下，该层形成高场耗尽，由吸收区漂移过来的光生电子在高场的作用下，

加速并获得足够高的能量，通过碰撞晶体的束缚态的电子，将电子激发到导带底，产生电

子．空穴对，新产生的电子空穴对又在外加强场的作用下分别向两个相反的方向运动并加速，

当获得足够高的能量时又将碰撞电离，产生更多的电子．空穴对，自由载流子便于指数方式

递增下去，直到到达电极被收集，形成信号电流。

因此较长的倍增区可以产生更多次的碰撞电离，更多的倍增过程和更大的增益，但是

同时会产生更多的统计涨落，更大的过剩噪声。此外，由上面的分析可知，碰撞电离还需

要一个最短距离，通常被称为“死域(Dead Space)”，将载流子在该区的电场下聚集足够高

的能量。“死域”的存在降低了倍增区的有效长度，因此在设计时还要尽量减小或消除倍增

层内“死域”的厚度。由于载流子一定要经过“死域”的聚能，才能形成雪崩，因此，对于雪

崩探测器而言“死域”是无法避免，但是为了不影响倍增层的厚度，可以将“死域”移出倍增

区到电荷层或者吸收层。本文采取的方法是在吸收区形成相对高的电场，使得光生电子在

吸收层和电荷层进行一定的加速，获得较高的能量。

由之前的Si材料参数可知，为了使倍增区的电场足够大发生雪崩效应，同时不会造成

器件不可逆转的热击穿，雪崩倍增层的电场范围为： 3x105V／cm<Ea<7×105Wcm。Si材料

电子发生雪崩所需要的载流子能量值为1．792eV，可计算在si层的“死域”的厚度小于60nm，

为了获得较高的M值，倍增区一般选用0．4 jam。

3．3．4 APD结构模拟结果

由于半导体器件模拟软件是将半导体器件内部电场、载流子漂移以及复合等情况模式

化、理想化。软件模拟对实际器件设计及性能仅提供参考，无法代表器件的实际性能。事

实上，工艺完成的器件会受到材料外延，微纳加工过程的影响，而且实际测试系统也会造

成部分误差，使得器件性能有一定的下降和改变，因此需要通过模拟结构和实际测试数据

进行对比以完成器件的结构的修正和优化。

1．器件模拟I．V特性

通过之前的分析和模拟，得到了理想的Ge／Si WG．SAM-APD的材料结构及掺杂分布，

如表3．2。通过silvaco模拟得到器件的剖视图(图3．17(a))以及器件在不考虑晶格位错等

情况下的理想的暗电流和光响应电流的I．V特性曲线(图3-17(b))。通过器件I-V曲线可

推测出器件的击穿电压在．28V左右，穿通电压在．15V以后。
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表3．2器件最佳结构参数：

Tmckness Wj拙 Concentration Doping Dopant
Name Material

(”m) (1ain) (／cm3) profiles type

Contact layer 0．1 0．4 5e19 uniform P+ Ge

5e15(外延本征掺
Absorption layer O．4 O．4 uniform I Ge

杂)

Charge layer O．22 0．4 1e17 uniform P Si

Multiplication
0．22 0．4 1e13 unif01"I／1 I Si

layer

Substrate layer O．22 >O．4 5e19 uniform N+ Si

E
o

；1．
一
翌
．坐
止

U

_E 5．
U

旦
山

一6x105

兰5x10s
口

亘4x105
u-

芒3x105
U
o

击2x105

罢lxl05
o

甚 0

×

Voltage(A)

C
O
=
m
U
m
怠
：

：

暑

0．0 O．2 0．4 0，6 0．8 1．0

X(肛m)

图3．17(a)器件模拟结构；(b)优化结构的I-V特性以及倍增系数曲线；(c)优化结构在不同的工

作偏压下横向吸收区电场和纵向倍增区电场分布

通过模拟可看到表3．2中参数设置完全满足器件的设计要求，有明显的倍增效应，电

荷层的掺杂能够将吸收区和倍增有效隔离，并可控制各层的电场分布(如错误!未找到引用

源。)。
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3．4 Ge／Si SACM APD器件的制备

3．4．1 Ge／Si选择性外延

波导耦合型Ge／Si探测器的Ge材料层只能用Si基Ge材料的选择性外延的方法进行

生长。选择外延的操作方法：首先在Si衬底上通过PECVD方式覆盖一层Si02掩膜层，接

着利用光刻和刻蚀Si02的方法露出外延Ge薄膜的生长窗口，最后Ge薄膜露出Si生长窗

口并在Si02表面合并，形成完整的Ge外延薄膜[28儿29]。本实验采用的选择外延Ge材料的

实验如图3．18所示[30】，SOI表面法线为000)晶向，波导沿(011)晶向分布。用低高温两步

生长法在图形衬底上生长Ge薄膜，步骤如下：

1、图形衬底在分析室中除气；

2、图形衬底在生长室中脱氧；

3、2800C下外延60nm厚的Ge；

4、5800C下外延要求厚度的Ge。

Si／Ge]秆

图3-18 Si02窗口中选择外延Ge薄膜的截面SEM图：(a)生长温度为750。C，顶面形成鼓包；(b)600"C生

长，Si02窗口侧壁陡直，Ge薄膜贴Si02侧壁生长

在Si衬底的顶层(100)面上淀积的Ge外延膜不是完全沿着Si方条方向生长的，而是

类似一个空间梯形，与Si(100)面有一个接触角0=260(有一些文献研究指出这个角度是250[31，

32，33，341，部分差异应该源于测试系统误差)。假设梯形侧面晶面指数为(办kI『)，其晶面法线

与晶格五Ⅳz轴的夹角分别为6c，声，)，，其中0[=∥，尸伊260，又有：

COS2d+cos2伊COS2尸1 (3．1 5)

向：七：／=cosa：cosfl：cosy=l：1：3 (3·16)

也就是说，Ge／Si(100)选择性外延出现了{311)晶面，即图3．18中的倾斜侧壁，还有些

文献指出选择外延Ge也会形成其他晶面，如{111)晶面[3U oGe／Si(100)选择性外延出现{311)

晶面的具体物理机制目前并不明确，而{311)晶面的出现会影响选择性外延时Ge薄膜的形
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貌却是确定无疑的。假设Si条的宽度为三，在相同生长时间下按照(100)面的生长速度Ge

厚度为h，如图3．18所示：

(a)当L>2hcot0，Ge薄膜是一个梯形形状，图3．18(a)就是这种情况；

(b)当L<2hcot0，Ge薄膜是一个三角形形状，如图3．18(b)所示。此时，外延的Ge三

角形薄膜的厚度为ho=L／(2cottg)<_h，与设计的薄膜厚度h有一定的区别。L<2hcott9时{100)

晶向的材料生长速度被新形成的{3 11)晶面较慢的生长速度限制了。

本文设计的波导型Ge／Si WG．SAM．APD要经过在Si衬底窗口中外延Ge本征层。通

过实验可知，Si上外延Ge薄膜类似，一样会出现{311)晶面，外延层呈现梯形结构，上电

极位置设计时这部分要留有余量。

3．4．2器件制备流程设计

由器件结构可知，完成Ge／Si WG．SAM APD的材料要经过一次选择性材料外延，对

外延片的清洁度要求很高。具体的材料制备流程如下：

1)选用顶层Si厚度为0．229m的SOI衬底片，通过PECVD沉积550nm的Si02薄膜

用于选择外延的掩膜。

2)电子束曝光M1版，将外延窗口的胶去除，并利用ICP刻蚀，将外延窗口处的Si02

薄膜刻蚀去除。

Si

BoX

Si．Substrate

图3·19M1刻蚀P型注入区域

3)通过离子注入的方法将外延的窗口处注入BF2+离子，注入的能量为25keV，计量

为2e12／cm2，形成Ge／Si WG．SAM．APD器件的电荷层，电荷层掺杂浓度对器件性能起着

关键影响。

4)采用实验室改进的RCA[35]方法清洗衬底片。

5)900"C烘烤样品，去湿，脱氧。

6)2700C下使用高纯GeH4生长60nm厚的Ge缓冲层。

作用：释放因Ge／Si的晶格失配(失配率为4．18％；aGe=O．56579nm，asi=O．54310nm)

所产生的应力，低温外延层由9nm生长到60nm厚时，压应力由O．9％降至O．2％。

7)升温至550"C，用高纯GeH4生长需要O．51ma的本征Ge薄膜层。
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BoX

图3·20离子注入P型电荷区，选择。te髟,b延Ge吸收材料

8)利用电子束曝光M3，将Ge表面形成高掺杂的P+型接触层的表面露出，离子注入

BF2+，剂量(Dose)为4x 1015cm～，能量(Energy)为30keV。

9)利用电子束曝光M4版，将Si表面形成高掺杂的N+型接触层的表面露出，离子注

入P离子，剂量(Dose)为3x1015cm一，能量(EneFgy)为30keV。

1 0)退火激活离子注入。

盈匿震

BOX

图3．2l通过两次离子注入形成P型和rl型的欧姆接触层。

1 1)利用湿法腐蚀的方式将外延和离子注入后的衬底上面的掩膜Si02薄膜全部取出，

重新利用PECVD沉积500nm的Si02薄膜。

12)电子束曝光M5版，并利用ICP刻蚀，刻蚀欧姆上下了两个欧姆接触电极空。

13)电子束曝光M6版，通过电子束蒸发和lift·off工艺，蒸镀上下了两个欧姆接触电

极(Ni／Al=50／250nm)，并通过RTA退火方式进行合金。
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Si

图3．22电子束蒸发和left．off制备器件欧姆接触电极

14)电子束曝光M7版，通过ICP刻蚀Si02薄膜，

与片上波导的耦合端口以及片上单模Si波导。

15)光刻M8版，通过电子束蒸发和lift-off工艺，

3．4．3刻蚀工艺分析

并利用Si02薄膜做掩膜刻蚀出光纤

制备出Pad电极。

对于小面积的钻孔刻蚀，ICP刻蚀Si02薄膜速率受到刻蚀空的大小的限制，因此需要

对ICP刻蚀速率与刻蚀尺寸进行前期实验摸索，确定刻蚀速率模型。

为了摸索刻蚀条件，本实验利用中科院半导体所集成中心的氧化硅ICP刻蚀机

(MultiplexAOE)的R：SiO．10wl程序，第一次刻蚀4min，通过SEM测试不空线宽的槽的

刻蚀深度(如图3-23(a)SEM测试刻蚀槽的深度图，其中电子束曝光版图的图形的尺寸(a)

2 pm，(b)1 gm，(c)0．9 gm，(d)0．8 pan，(e)0．7 grn，(f)0．6¨m，(g)O．5¨m，(h)0．4 pan，

(i)O．3岬，(j)0．2岬。)，进而计算出相应的刻蚀速率，具体如表3．3，由表可看出当刻蚀
空的宽度低于0．99rn以后，刻蚀速率随着刻蚀空线宽的减小而降低，ICP刻蚀是利用带电

等离子体轰击样片表面，并与样品发生一定的化学反应，达到图形刻蚀的目的。等离子的

轰击造成样品表面带电，由于电荷剧集原理，刻蚀图形边沿会剧集较多与刻蚀等离子体带

同极性的电荷，形成排斥电场，抑制等离子体进入窄槽刻蚀，这种现象对窄线宽刻蚀尤为

明显，如图3．23(d)．(i)。

表3-3不同的图形线宽Multiplex AOE设备(编号R：SiO．10wl刻蚀参数)ICP刻蚀4rain后刻蚀深度和

刻蚀速率

刻蚀线宽
2 l O．9 O．8 0．7 O．6 O．5 O．4 0．3 O．2

(Ⅲn)

刻蚀深度 531．8 536．7 541．5 507．5 429．8 437．1 400．7 364．3 342．4 296．3
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(nm)

刻蚀速率
132．95 134．175 135．375 126．875 107．45 109．275 100．175 91．075 85．6 74．075

(nm／min)

图3-23(a)SEM测试刻蚀槽的深度图，其中电子束曝光版图的图形的尺寸(a)2哪，(b)1岬1，(c)0．9
岬，(d)0．8 lain，(e)0．7岬，(D 0．6岬，(g)0．5 gm，@)0．4 lain，(i)0．3岬，(j)0．2 lain。

对于这种窄槽刻蚀情况，在利用试验片监控刻蚀速率的同时，要在正式片刻蚀的同时

增加实验片同时刻蚀，以实时监控刻蚀的情况，由于Ge无法在Si02薄膜上外延，所以在

衬底片外延之前一定要保证外延窗口的洁净度且没有氧化层。
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3．5本章小结

本章首先介绍了C-elSi WG．SAM APD器件的性能参数，发展概况以及本论文设计的

新型纳米器件的大致结构，其次通过模拟和理论计算设计的波导Ge／Si SAM APD器件的光

纤耦合结构、单模波导结构、倏逝波耦合结构以及器件的吸收层结构参数，之后借助半导

体模拟软件对器件的电学结构和性能进行了分析和讨论，将雪崩倍增过程限制在低理论率

比的Si材料中，获得较高的倍增系数(～103量级)的波导Ge／Si SAMAPD器件结构参数，

介绍了材料外延过程以及半导体微纳加工过程，分析讨论了Si02薄膜刻蚀线宽与刻蚀速率

的关系，同时分析了产生这种现象的原因，以及工艺的优化方法。
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第四章低暗电流Si．PIN探测器

PIN探测器以其工艺简单，集成度高，成本低廉，频率响应高，暗电流较小等优势，

据统计Hamamatsu，Infineon，Vishay，Source Photonics Inc．，OSI Optoelectrionics，Everlight，

EMCORE，menlosystems等半导体探测器研制和生产公司的产品【】】，PN结构是使用的最

为普遍的探测器结构，硅基PIN探测器已经占领了射频，成像，雷达，近红外光互联等各

类探测的市场。探测器的噪声或者暗电流决定了器件能够接收最小信号的功率，决定了成

像质量，决定了对探测物的识别能力等，因此，低噪声低暗电流的探测器一直是研究的重

点。

4．1暗电流的组成

4。1．1扩散电流

光电二极管的理想I．V特性分析是基于以下四个假设进行推导的：(1)突变耗尽层近

似，即有突变边界的偶极层承受内建电势和外加偏压，耗尽层边界以外，半导体呈中性；

(2)玻尔兹曼统计近似成立；(3)小注入假设，即注入的少子浓度小于多子浓度；(4)耗尽

区层内部不存在产生．复合电流，且在整个耗尽区内部，电子电流和空穴电流恒定。通过玻

尔兹曼统计，连续性方程以及边界条件[2】，得到理想二级管定律，即肖克莱方程。由假设

可知肖克莱方程得到的电流特性为仅考虑载流子扩散得到的电流密度，因此，时的电流密

度为扩散电流密度就是暗电流最重要的组成之一，其表达式如下：

％吡√鲁甍+g序番，[唧c普H]~一g√荨番一g√鲁丢 ㈣，

其中，协，岛分别为电子和空穴的扩散系数，厶和砀分别为电子和空穴的寿命，M

为P型区的受主浓度，ⅣD为11型区的施主浓度，ni为本征载流子浓度。

4．1．2产生．复合电流

实际工作的光电探测器一般工作在反向偏压下，而且产生．复合过程是不可避免的，也

是器件暗电流重要的组成之二。对于Si这种间接带隙半导体，主导的跃迁过程为体缺陷参

与的间接复合或者产生过程，体缺陷密度为M，其能级易位于带隙中，主要是电子俘获和

空穴俘获，其净变化率(U)由肖特基．里德．霍尔(SRtt)统计描述[3】。
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假设：Et=Ei，空穴和电子的俘获截面积相同为盯，

重要组成之二的产生．复合电流的电流密度表达式为：

气2r水阳M％≈警e坤(券

且偏压V>kT／q，可得到器件暗电流

其中，勺为载流子的产生寿命，％为二极管的耗尽区宽度。

4．1．3隧穿电流和雪崩电流

(4-2)

隧穿和雪崩这两种暗电流机制，当光电探测器在较高的反偏电压下工作时较为显著。

有文章总结当pn结的是重掺杂且击穿电压低于6V时，隧穿电流将成为光电探测器暗电流

的主要来源[41。平衡状态时，器件内部总的复合几率如，，可以写为带问的跃迁(SRH)几

率Rspat，带间隧穿(band—to—band tunneling)Rbbt，缺陷辅助隧穿(trap-assisted tunneling)

R胁以及碰撞电离(impact ionization)鼢之和，因此，得到在光电二极管内部，空穴一维
的平衡状态的连续性方程：

d T

二：等=一g如，(功=一g(疋(x)+‰(功+愿咒H(力+民酊@)) (4-3)

其中，雪崩倍增的复合几率R*：凡(x)=一吉{％(x)l以。)I+％@)l‘@)1) (4-4)

利用德尔塔函数(Dirac 5-function)产生率来表示带问隧穿几率R拍f：

R厨(功==丝万(z) (4-5)

可得到，带间隧穿电流密度表达式：以豇=G断巧(挚)3坦exp(一手) (4-6)

其中，c6研为与温度相关的常数，巧为结偏压，厶为最大电场值，面为常数，与禁带

宽度相关(勃～E93尼)，当室温下40为=1．9×107V／cm。

缺陷辅助隧穿是半导体光电探测器暗电流的又一重要来源，特别是对于缺陷密度较大

的半导体异质结器件影响尤为显著，缺陷辅助隧穿几率尺乙(x)=r(x)愿明@) (4-7)

其中，r(x)为缺陷态俘获和释放的几率：

M--2 34面掣exp(掣)2，异：掣(4-8)
皇r ‰ qn

67

D21053100654ZX00



北京工业大学博士后出站工作报告 李冲：高灵敏度硅基光电探测器的研究

蝴带间跃迁的几掣4k‰2面i哥p赢n--r12赢每exp( (4．9)

f卢【”+％。exp(一—土：；—0J+乙(p+珥。—』i≯))

通过简化和积分得到，缺陷辅助隧穿电流的表达式：

一彪吲筹P，箐意筝卜一岈南，](4．1。)
4．2 Si．PIN器件的结构和性能分析

随着高阻硅晶体制备和CMOS工艺的日益成熟和提高，拉动了国内硅光电二极管产业

的产生和发展。但是光电器件的工艺需求与现有的微电集成芯片制备工艺之间存在着巨大

的差异，首先光电器件对于衬底材料质量的要求远高于微电子器件，以本论文研究的垂直

结构的器件为例，光入射产生的光生电子要从上表面通过漂移扩散到达下表面收集，信号

载流子为少子，且渡越路径遍布整个衬底片，器件的暗电流、响应度以及电容等关键参数

受到材料内部结构和上、下表面状态的限制，而微电子芯片的信号电子主要集中在表面膜

层，一般为多子输运。其次光电器件的尺寸一般远高于微电子器件，光电子器件受到光吸

收和传输的限制，器件尺寸在亚微米～毫米量级，而微电子器件对于集成度的追求导致了

器件特征尺寸已经低于纳米量级。接着两种器件的制备对一些关键工艺要求亦是有着本质

的区别，以PECVD Si02为例，微电子器件的Si02用于钝化绝缘时要求薄膜具有较高的致

密性，用于平坦台面时则是要短时间沉积很厚的膜层，此时对膜层质量要求不高；而光电

子器件对于SiO=使用除了钝化作用外还有一个关键作用就是用于光学增透膜，因此对薄膜

的折射率和厚度要求精确控制。

因此，需要仔细研究微电子的CMOS工艺线上制备的光电子硅基探测器的暗电流这一

关键性能参数，反推影响此工艺条件下的光电器件性能的主要影响机制，进而提出器件结

构、材料和制备工艺的改进方案。

4．2．1 Si．PDi器件的制备

本文研究的Si PIN光电探测器是在IS09001-2000质量体系认证的五英寸2岬标准

CMOS工艺加工线上进行加工制备的，器件的结构示意图如图4-1(a)所示。根据错误!未找

到引用源。中介绍的根据器件尺寸分析暗电流的方法，为了简化尺寸，本论文仅研究正方

形结构的器件如图4·l(b)所示，研究的器件的边长分别为2．5mm，2mm，1．Smm，1．0mm，

0．5mm，0．25ram。
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(a)

图4．1 CMOS工艺制备不同尺寸的Si．PIN探测器的结构剖视图和俯视图。

4．2．2工艺参数对器件性能的影响

器件制备采用的衬底为5寸N型Si衬底，器件制备流程中通过改变衬底的阻抗系数，

光敏面的离子注入能量，保护环(guard ring)确定获得最佳性能的器件制备参数。其中，

通过对比衬底的阻抗系数以及软件模拟发现，响应度主要受到载流子的寿命有关，跟衬底

的掺杂浓度关系不大，暂时未找到暗电流与衬底掺杂浓度之间的关系。

1．保护环的作用

保护环是添加在上表面欧姆接触掺杂区域之外的一层环状掺杂区，其掺杂浓度与P+

掺杂区相同，主要是抑制圆环以外的杂散载流子通过扩散到达欧姆接触区被收集，从而增

加器件的暗电流。图4．2为具有相同制备流程参数相同衬底片，仅有无保护环的区别的两

系列的器件的暗电流和响应度特性，分析对比可看到：

(1)暗电流性能：各个器件尺寸下，有保护环的暗电流都低于无保护环的，由此说

明，保护环的添加确实能够有效抑制暗电流，特别是在工作偏压较高时，能够明显降低暗

电流，抑制器件的提前击穿。
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图4-2制备流程相J司衬J氐片相J司，仅有有无保护环的区别的两系列的器件的晤电流和响应度特性。

(2)响应度的性能：边长为0．5岫和0．25pro的器件，有保护环的响应度低于无保护
环的，分析原因：两个器件的光敏面小于入射光斑的面积，光斑照射会到光敏面以外的区

域，这部分仍能产生光生载流子，当没有保护环的阻挡时，会通过扩散被电极收集。这个

现象再一次证明了保护环能够阻挡光敏面以外的扩散电流和产生复合电流，能够有效降低

暗电流。

2．光敏面离子注入能量

暗电流：根据暗电流与器件尺寸参数之间的关系，可将暗电流分成：(1)与器件横截

面积相关的面暗电流密度∽)；(2)与器件的边沿周长相关的线暗电流密度㈣；(3)与器件
尺寸无关的暗电流∞)。因此，本论文研究正方形器件的暗电流可以分解为：

I蟊孤k=J工量。+4J pb+I c 咚．11)

其中，b为器件的特征长度(一般为器件的边长)。将两种离子注入能量制各的器件的

暗电流提取出来，在暗电流．特征尺寸坐标系中，得到两种工艺的暗电流与器件尺寸的关系

拟合曲线：

L睹=(1．15619×10_11)62+(1．91922×10—11)6+(4．74626×10—12) @一1矿，45五2y

乞地=(1．3957×10-11)62+(1．71922×10-11)6+(6．14985×10—12) @一3V，45盔名矿

乞地=(1．60162×10-11)62+(1．80255×10—11)6+(7．46611×10—12) @一5矿，45玉0y

乞船：(1．16903×10‘11)62+(4．97766×10‘12)6+(9．52502×10。12)@一1V，25KeV(4-12)

乞睹=(1．43564×10-11)62+(3．2153×10-12)6+(1．17015×10—11) @一3V，25KeV

k=(2．2771×10-11)62+(1．85727×10-12)6-I-(1．54538×10-n) @一5矿，25KeV
由上面的拟合曲线可知，45keV注入能量的器件的面暗电流占的比例大于边沿暗电流，

可能原因是，离子注入能量的增大，造成表面损伤增多，增大了表面缺陷态引发的缺陷辅

助隧穿暗电流。
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图4．3低偏压下两种离子注入能量的器件尺寸与暗电流之间关系的拟合曲线，其中25keV制备的边长

2．5mm器件的暗电流造成拟合曲线系数为负数，判定此数值奇异点，不用于拟合。

响应度：上表面的离子注入能量能量决定了上表面欧姆接触区的厚度和pn结以及电

场的深度，理论上，光在欧姆接触层内部被吸收产生的光生电子空穴对，由于没有电场的

牵引，不容易分离形成有效的信号载流子，Si在短波长吸收系数大，光吸收主要集中在靠

近入射面的区域，因此，离子注入能量增大，会降低短波吸收效率，降低短波响应度，这

一物理过程，被图4．4(a)的silvaco模拟30keV和150keV离子注入能量下器件的量子效率

结果证实，但是，由于此批次器件的表面漏电较大，表面缺陷态较多，降低了表面短波吸

收的光生载流子的收集效率，因此在实验中没有观测到明显的短波响应度增强的现象。此

外，当入射的波长大于某一阈值时，由于pn结和电场的深度随着注入能量的增大而加深，

有利于该波长吸收产生的光生载流子的分离和收集，因此此处的长波的吸收效率被增强，

这一现象被制备的器件测试数据所证实如图4．4(b)。

Wavelength(pm) Wavelength(nm)

图4-4(a)silvaco模拟30keV和150keV离子注入能量下器件的量子效率，(b)制备的不同离子注入能量

的器件长波响应度测试结果对比。
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4．3器件暗电流分析

通过以上对比研究可确定工艺参数对器件性能的影响，得到优化的器件制备参数。之

后我们将选取其中有保护环的一组器件(主要工艺参数为：衬底：N型300mrn厚，阻抗范

围在1500～2500f2；上表面离子注入：能量为70keV，计量为5e14／cm2；)，基于器件尺寸，

工作温度以及工作偏压与器件暗电流的关系曲线，分析器件的材料性能和光电性能，针对

器件暗电流的主要影响机制优化器件结构。

4．3．1基于器件尺寸的暗电流分析

根据暗电流与器件尺寸参数之间的关系，一般，对于Si基Ge异质结器件，外延层的

线位错较多，体暗电流较大，器件的暗电流主要跟面积相关。对于晶格质量较高的台面器

件，当台面刻蚀造成的侧壁缺陷态较多时，器件的暗电流主要跟周长相关。本论文研究的

Si．PIN平面器件的暗电流较高，但是既不是异质结器件，又不是台面器件，影响暗电流的

来源不清楚，因此设计了边长为2．5mm，2mm，1．5mm，1．0mm，0．5mm，0．25mm方形器

件，测试得到暗电流如图4-5(a)，其中边长为2．5mm器件的暗电流明显远大于其他器件，

器件在．5V~-10V之间存在突然上升的现象，推测是低偏压和高偏压下暗电流的主要影响机

制不同造成的，当偏压高于．15V，暗电流趋于平坦缓变，因此暗电流的研究主要集中在．15V

以下。将0V，一1V，．3V，．5V，一7V，．9V，．10V，．11V，．13V，．15V处器件的暗电流提

取出来，得到各个尺寸与暗电流关系点，如图4．5(b)可以看出，OV时，器件的暗电流近似，

与器件尺寸关系不大；当工作偏压0V<bias<．7V时，暗电流随器件尺寸增大而增大，工作

偏压高于．7V后，暗电流与器件尺寸之间不再呈现单一关系。
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图4-5(a)边长为2．5mm，2mm，1．5mm，1．0mm，0．5mm，0．25mm方形器件暗电流的I-V曲线。(b)将

0V，．1V，．3V，．5V，．7V，．9V，．10V，．1 1V，．13V，．15V处器件的暗电流提取出来，得到各个尺寸

与暗电流关系点。

首先，我们研究低偏压的下暗电流和器件尺寸关系，拟合．1V，．3V和．5V时暗电流曲

线，得到图4-6，拟合系数不能为负，而边长2．5mm的暗电流过大，造成拟合系数为负值，

因此判定边长2．5mm的暗电流为奇异点，因此在二次方曲线拟合是根据0．25mm-2mm测

试结果得到的公式(4．13)，发现随着偏压的增大，与面积相关的暗电流比重在加大，分析

此暗电流来源应该是：外加偏压的增大，拓宽了耗尽宽度，增大了产生．复合电流。

《
’一
．一

C

罂
L

：

o
卫
L
日

。

图4-6低偏压下器件尺寸与暗电流之间关系的拟合曲线。

k=(4．14449×10。12)62+(3．79466×10也)6+(1．75412×10—2)@-IV
k=(6．52758×10。12)62+(1．66208×10。12)6+(2．81697×10。2)@一3V(4-13)
k=(7．27132×10m)62+(4．79926×10也)6+(2．1852×10。12)@-sv

其次，分析较高偏压下(≥9V)时，边长小于lmm的三个器件的暗电流呈现线性关

系，即器件暗电流主要受到器件周长的影响，边沿漏电是小尺寸大偏压工作的器件主要暗

电流来源。边长大于1．5mm的三个器件暗电流与边长，并不符合一次方拟合，此时器件的

边沿和体内部对暗电流都有影响，但是需要更多的尺寸性能数据方可确定个因素的比例。

4．3．2基于工作温度下的暗电流分析

由于暗电流的产生机理不同，其与器件的工作温度呈现不同关系曲线。

根据公式(4．1)得到，扩散电流与半导体材料的本征载流子浓度的平方成正比，由于
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％=瓜eXp[一嘉]叫去)3／2 e坤(一嘉)
得到，扩散电流锄：％～力；～T3 exp(一睾丁-1)

F

f4-14)

f4-15)

根据公式(4-2)得到，产生．复合电流与半导体材料的本征载流子浓度成正比，即：

产生-复合电流矗：以～％～T3／2 exp(一丝2k丁一1)

F

缺陷态辅助隧穿电流厶，：Jtat～T3／2 eXp(警筹告丁-3)

(4—16)

(4—17)

雪崩击穿机制形成的雪崩暗电流电流，是与温度无关的分量。

由图4．5(b)可知，边长为2．5mm，2mm，1．5mm三个器件暗电流位置来源类似，边长

为0．25mm和0．5mm两个小尺寸暗电流位置来源类似，因此研究暗电流与温度的关系时，

仅选取边长为2mm和边长O．5 ITlm作为范例研究。

将驴1．12eV=1．7944x10。19J，k=1．38x10‘23J／K，岛为最大电场值，Si材料的带间隧穿
电场为106V／cm[21，计算时假设d：m--106V／cm，带入数值得到扩散电流与温度：

％～”；～T3exp(-13003／D，产生复合电流与温度：以～_～T3陀exp(一6501．6／T)，缺陷

态辅助隧穿电流与温度：厶～T3陀exp(4673／T3)，因此，可根据以上算式得到理想条件下

各个暗电流产生机制的电流密度与温度的关系曲线，如图4．7。

芑1046
C

．垒10’56
■一

怨10．6e

墨胪
k．

o
Z

Temperature(T)
图4-7理想条件下，各个暗电流产生机制的电流密度与温度的关系曲线。
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1。边长2ram大尺寸器件温度与暗电流密度

利用6K闭循环制冷机将边长2mm和0．5mm的两个Si．PIN光电探测器的工作温度由

室温290K，逐渐下降到30K，分别选取290K，260K，230K，200K，1 80K，1 60K，140K，

120K，100K，90K，80K，70K，60K，50K，40K，30K温度下的器件，利用4200．SCS半

导体特性分析系统测试分析器件反向偏压下的I．V特性曲线，如图4．8所示。可以看到同

一尺寸不同工作温度下，当偏压增大到．15V以后，器件的暗电流随着偏压遵循同一规律缓

慢增大，因此，提取了0V~一15V之间几个关键偏压下器件暗电流随温度的变化趋势，如图

4-9所示，0V时器件的暗电流过小，达到了半导体测试设备的最小量程，因此暗电流浮动

较大，没有规律；当工作偏压高于0V时，器件的J．T曲线又呈现出了低偏压和高偏压两

种不同的规律，低偏压时，随着偏压的增大器件暗电流有明显提高，但是J．K曲线的变化

趋势类似，当偏压大于某一阈值(．5V@2mm，．9V@0．5mm)后，器件暗电流随着偏压变

化不大，J．K曲线几乎重合。由此，我们研究具有代表性的两个点．3V和．9V两个点。

(a)Io奇

104

主104
芑

g矿
8

嵩10m
o

10“2

—290K一260K一230K一200Kin 1 80K
一160Kin 140K一120Kin 100Kw 90K
二二二80K二二茹70K二赢二60_；二二荔50K二—二二_jl：0K磊二=30K

——————————h

-40 -30 ．20 ·10 0

Voltage(V)

(b)1矿
一290K--n 260K一230K一200K一180K一160
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图4-8边长为(a)2mm和(a)0．5mm方形器件在反偏，
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图4-9器件工作在0V，-1V，-3V，-5V，-7V，-9V，．IOV，．1 1V，．13V，．15V时器件的暗电流随温度

的变化趋势。

通过对这．3V和．9V偏压下的两种尺寸的Si．PIN光电探测器归一化的J．K曲线，并对

比四种机制(扩散，产生．复合，缺陷态辅助隧穿，雪崩)作用下器件的归一化J．K曲线，

如可推测：

(1)在低工作温度(<50K)，缺陷态辅助隧穿是器件暗电流的主要来源，对于大尺寸

2ram器件这一现象尤为明显，实际测试结果几乎和缺陷态辅助隧穿电流趋势重合。

(2)在高工作温度(>150K)，产生．复合机制产生的暗电流占主导，而且大的工作电压

增大载流子的收集效率，这种产生．复合暗电流趋势尤为明显。

(3)工作温度在50K~150K之间时，器件暗电流与温度之间的变化关系不明显，比较

接近雪崩击穿暗电流的J．K特性曲线趋势，推测是器件载流子分布不均，或者内部局域缺

陷态造成局域电场过高达到雪崩电场，从而造成暗电流与温度关系不明显的现象，但是这

一结论，需要进一步的测试才能确定。

囊髫／剁卷嚣嚣嚣黪豢鑫“t嚣*t盏一‘蜊 ／

2．0 X 2．0 mm‘· ●●●III

一厶一bias=．3V—————————’‘1
*￡”bias=．9V ／

一Di髓use Current }

一Generation-Recombinati翻Cu
·--—一Trap·assisted Tunnelin矿
一impact ionization ／

鬈鲨譬譬II_三0羔5 0嘉5鬲／勿i／⋯～⋯⋯～．x．mm2 I ⋯

一矗-bias=-3V ／ ，
“霸“bias=-9v y ／

一Diffuse Current
j ／ ／r

==旦竺!曼型旦!堡e。!m．na“堑cur※t
——Trap·assisted Tunne¨n矿 1
771∞impact ionization． ／ ，

图4-10-3v和-9v偏压下的(a)边长2mm和(b)边长0．5mm两个器件J-K的归一化曲线，与四种机制(扩

散，产生．复合，缺陷态辅助隧穿，雪崩)作用下器件的归一化J．K曲线对比。

4．3．3基于工作偏压的暗电流分析

暗电流的产生机理还造成不同的暗电流组成与器件的工作偏压呈现不同关系曲线。根

据公式(4-1)得到，扩散电流与器件的工作偏压呈e指数关系，即：％～exp(警)一1(4-18)
根据公式(4-2)得到，产生-复合电流与pn结的耗尽宽度成正比，理想的PIN结构探测

器的耗尽区宽度为I区厚度，与偏压无关，因此产生-复合电流七：以～exp(丽qV)(4-19)
缺陷态辅助隧穿电流厶，：。乞∞吆小瓦干孤exp(---Cz(％。+g％)圳2) (4．20)
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雪崩击穿机制形成的雪崩暗电流电流，主要与倍增系数和离化率比值相关，而倍增系

数是有方向偏压值决定，离化率比值也受到工作偏压的影响，

当器件加反向偏压时，’(qV／kT)为一负值，exp(qV／kT)是一个远小于1的小量，因此主

要影响反向偏压的J．v特性的因素是缺陷态辅助隧穿电流，而当外加偏压继续增大，器件

发生击穿，此时的电流瞬间增大，与电压没有特定的关系，因此通过I．V关系曲线研究暗

电流的来源，意义不大。

研究I．V关系曲线来获得电流来源时，器件是通常工作在正向偏置状态下。此时为了

研究正向电流与温度的关系，引入了理想因子(T1)的定义：

～17 1 7

正向电流：，庙。删～exp(羔)=exp(1 1604术三) (4—21)
|lKi r／l

由上面的公式可知，当外加偏压不变时，随着温度的增大，正向电流是减小的，因此

温度和正向电流是负相关的，由图4．13的测试结果可知，150K～180K之间器件呈现电流

和工作温度成负相关，其他温度下都是正相关，这个正相关的关系能够说明在正向低偏压

时，器件的缺陷态辅助隧穿是暗电流的主要来源。图4．13中不同正向偏压下的J．K曲线可

近似看做温度的一次方函数，复合了缺陷态辅助隧穿与偏压的关系，当正向偏压高于1．5V

时，正向电流很大，受到T影响很小，在正向偏压低于1V时，温度以180K为分界点，

两边的拟合曲线不同，工作温度越高，拟合曲线的斜率越大，参与到缺陷态辅助隧穿过程

的缺陷态密度越大。

图4．11边长为(a)2mm和(a)0．5ram方形器件在正向偏置，不同工作温度下的暗电流I-V特性曲线。
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图4．12器件工作在0．3V，0．5V，0．7V，O．9V，1．1V，1．5V，2V，2．5V，2．9V时器件的暗电流随温度

的变化趋势。

4．4本章小结

本章首先介绍了Si．PIN结构探测器基本原理和应用，分析了器件暗电流的产生机理；

其次介绍了在IS09001．2000质量体系认证的五英寸21．tm标准CMOS工艺加工线上制备的

Si．PIN的结构和关键工艺，通过对比有无保护环以及光敏面不同注入能量下Si．PIN器件的

暗电流和响应度，分析器件制备工艺参数对器件性能影响的物理机制；最后分别讨论了器

尺寸、器件的工作温度、器件的工作偏压对器件的暗电流影响，确定了不同尺寸器件来源

的机制以及位置，为进一步优化暗电流性能提供了基础。

rI．co、《．>=∞coQ_coJJ：U

I．I席Q
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第五章结论

本论文主要研究光电探测器的灵敏度，由灵敏度的定义和计算公式得到提高灵敏度的

三个主要方法是：提高光响应，放大光电流以及降低暗电流。针对三种不同结构不同材料

和不同应用领域的硅基光电探测器，分析它们的应用需求和结构特点，结合它们现今的发

展现状，指出这三种器件要获得高灵敏度的器件性能需要各自解决的问题。这对这些问题，

提出了研究和优化方案，得到的结论如下：

4．低的响应度是限制Ge／Si垂直入射型UTC器件灵敏度的主要因素，利用SOI衬底

BOX和Si层的高折射率差，设计Si层和BOX层厚度，得到入射光波长为1550nm，锗在

该波长的吸收系数为1000／em，Si材料的厚度对吸收效率的影响呈现周期变化，最高的吸

收效率为0．167，Si材料厚度周期为0．223pm。通过原位掺杂外延梯度掺杂的P型吸收层，

研制出高响应的Ge／Si垂直入射型UTC器件，在1550nm入射下光响应R为0．18A／W，量

子效率为14．4％。在．1V偏压下的暗电流密度最小为61．9 mA／cm2，3．dB带宽最大为9．73GI-Iz

@直径15“rm直径401am器件，带宽2．55GHz，在1GHz的调制频率下，饱和输出射频为

4．6 dBmW，对应的饱和电流为16．24mA；直径18Jma器件，带宽7．23GI-Iz，在3GHz的调

制频率下，饱和输出射频为3．7 dBmW，对应的饱和电流为16．22mA。

5．耦合效率和倍增效率的相互制约是限制Ge／Si WG SAM结构雪崩器件灵敏度提高

的主要因素。设计新型的纳米结构：将倍增层横向放置到Si波导层，获得高耦合效率和高

倍增因子。计算耦合光栅的周期为630nm，占空比50％，光栅槽刻蚀深度70nm，耦合角

度：8。，光耦合效率为49％@1550nm。Ge材料的长度达到10pm，厚度为>O．49rn，倏逝

波耦合效率达到93％以上。电荷层界面尺寸是0．22p_rnX 0．4pro，P型掺杂浓度为1×107／era3

时，器件能获得大倍增系数(>103)和低的过剩噪声，对Si02掩膜层刻蚀的时间和条件进

行了实验，得到刻蚀槽的宽度低于0．9pm以后，刻蚀速率随着刻蚀空线宽的减小而降低，

器件外延层宽度为0．51arn，刻蚀速率为～100 nm／min。

6．高的暗电流是限制Si．PIN探测灵敏度的关键因素，通过保护环的设计可以有效的

降低器件的周围的扩散电流。对比光敏面的离子注入能量为25keV和45keV的器件，45keV

较高能注入造成表面缺陷态的增大，表面漏电增大，650nm-950nm之间的响应度也较高。

边长为2．5mm，2mm，1．5mm，1．0mm，0．5mm，0．25mm方形器件，当工作偏压0V<bias<．7V

时， 暗电流(‰)随器件的边长(b)在．1V偏压下的关系式：
』厶=(4．14449x10-12)62+(3．79466×10．12)6+(1．75412x10-12)，工作偏压高于．7V后，边长

<lmm的器件暗电流与边长呈现1次方关系，说明此时边沿漏电远高于体漏电。工作温度
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<50K，缺陷态辅助隧穿是器件暗电流的主要来源；工作温度>150K，产生．复合机制产生的

暗电流占主导。通过正向偏置的偏压、温度以及暗电流的关系推测，器件的缺陷辅助电流

是正向工作时的主要暗电流来源。

灵敏度一直是半导体光电探测器研究的重点，灵敏度的研究呈现多样性和复杂性：

Ge／Si UTC器件的响应度和灵敏度的再提高，则需要将其设计为波导耦合型光入射，提高

响应度较小器件尺寸，提高器件带宽以及芯片集成度；Ge／Si WG SAM结构雪崩器件的灵

敏度的研究在解决了耦合与倍增问题后，要研究的就是降低噪声，通过研究离化率比和过

剩噪声来降低暗电流和噪声。Si．PIN探测灵已经知道了其暗电流的来源，下一步是优化器

件结构，屏蔽或抑制暗电流来源。
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High·-responsivity vertical-·illumination Si／Ge

uni—traveling-carrier photodiodes based on

silicon．on．insulator subs仃ate

Chong Li，ChunLai Xue，Zhi Liu,Hui Cong，，Buwen Chcng，Xia Guo，and Wuming Liu

1

S¨Ge uni．traveling carrier photodiodes exhibit higher output current when space-charge effects an overcome and thermal eft'eels

art suppressed，which is highly beneficial for increasing the dynamic range ofvariom microwave photoulc systems and simplifying

high-bit-rate digital receivers in different applications。From the point of view of packaging,detectors with verticaMllumination

configuration can be easily handled by pick-and-place tools and are a popular choice for making photo-receiver modules．]{owever9

vertical-illumination SVGe uni-traveling carrier(UTC)de’，ices suffer from inter-constraint between high speed and high

responsivity．Here．we report_high responsivity vertical-illumination SVGe UTC photodiodc based on-silicon·on-insulator

substrate．The maximum absorption efficiency of the devices was 2．4 times greater than the silicon substrate owing tO constructive

interference．The Si／Ge UTC photodiode WgS successfully fabricated and had a dominant responsivity at 1550Ⅱm ofO．18 A，吼a 50％

improvement even with 4 25％thinner Ge absorption layer．

／ndex Terms—high-responsivity，silicon-an·insulator substrate,saturation，germanium,uni-traveling-carrier photodiode．

Introduction

1High．current photodiodes，which receive communication signals in the near-infrared rallge：，are highly beneficial in various

photonic systems for increasing their dynamic range[1】[2】and simplifying high-bit-rate digital receivers[”．The output

radio·frequency signal level from such photodiodcs CSl'l be increased with the response photocur?ent．and are thus a particularly

important component for optically-steered phased array antermas，which can help the antenna to reduce its phase-and

amplitude．matched electronic gain【4，5 63．However．the conventional pin structure has a limitation in current density during high

frequency operation，owing to the space．charge effect【7，81．

The uni．traveling carrier(UTC)sh"ucu,tre was designed to overcome the space-charge effect and increase the transition frequency

using a p．type doped absorption layer instead ofa conventional intrinsic layer[9,10,11,12,13,14]．However，the output power ofthese

devices、v越缸诅斟limited by thermal effects【15，1酗。Monoatomic crystals of materials such as Ge and Si material have higher

thermal conductivity than that of InGaAs and inP alloy materials【切．Additionally，Si／Ge devices have great advantages in their

compatibility with complementary metal-oxide-semiconductor(CMOS)technology and large·scale monolithic integration
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circuits，low cost，and low power consumption 118,19,20,21,22]．Therefore，Si／Ge uni-traveling carrier photodiodes have dramatic

practical potential for high．current output applications f23，矧．Besides，fi'om the point of view of packaging，detectors having a

vertical·illumination configuration call be easily handled by pick-and-place tools and are consequently a popular choice for

making photo-receiver modules【25，261．Therefore,the most commonly-used photodetectors are of the vertical-illumination type．

To our knowledge，the best performance obtained for a vertical-illumination Si／Ge UTC device until now was reported by M．

Piels，who demonstrated a low thermal impedance of 520 K／W and a 1 dB saturation photocurrent of 20 mA．However，the

responsivity of this device at 1550 nm was as low as 0．12～W with a O．8-{_tm-thick Ge absorption layer口”．Such a low

responsivity could seriously increase power dissipation and limit high·output applications．Although increasing the thickness of

the Ge absorption layer could improve the responsivity ofthe device according to R“(卜g∞)【271，the electron transit time also

increases with Ge thickness，which decreases device response speed【28】．Therefore，it is a challenge to obtain both high

respousivity and high speed at the same time in vertical-illumination Si／Ge UTC detectors．

Silicon-on-insulator(SOI)substrates have great advantages that can improve the responsivity and bandwidth performance of

Si／Ge photodiodes．First，the large difference in refractive index between the buried oxide layer(BOX)and the Si is beneficial in

recycling transmission light back to the absorption layer，which is equivalent to extending the absorption length．This allows the

absorption efficiency of the photodiodes to be increased without sacrificing the response speed．Second，high quality Ge film

诵m low threading dislocation density(TDD)can be obtained on the top silicon membrane of SOI by elastic deformation，and

adapt to the lattice of a hetero．epitaxial file grown upon it 129,s0]．The threading dislocations inside the Ge layer Call decrease

carrier lifetime and increase the non-radiative recombination rate[31,32]s which can reduce the number of photon—generated

carriers collected by the metal contacts．Therefore,the carrier collection efficiency of the device may be enhanced using a SOI

substrate．Third，use of a SOl substrate could reduce the parasitic capacitance of the device，which would result in an

improvement in frequency response performance[33’34】and a decrease in power loss‘35]．

Here，we report a high-speed，high responsivity vertical-illumination Si／Ge UTC·PD based on a silicon—on·insulator(SOI)

substrate．The silicon-on-insulator substrate was used to reflect transmission light for high absorption efficiency，and to improve

the lattice quality of the Ge epitaxial layer to increase the efficiency of photon-generated carrier collection．The absorption

efficiency ofthe Ge-on-SOI UTC photodiode was found to vary periodically with the thicknesses ofboth the BOX and Si layers，

owing to the interference between the incident light and the light reflected by the BOX layer of the SOI．Moreover，the

maximum absorption efficiency ofthe devices on SOl was found to be 2．4 times greater than that ofthe silicon substrate and 4．9

times greater than the minimum absorption efficiency．Si／Ge UTC photodiodes on SOI substrate with a 0．6-肛m-thick Ge

absorption layer were fabricated and characterized．The responsivity ofthe photodiodes at 1550眦was improved to O．18 A／W．
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The一1-dB compression current ofthe 1 5-gm-diameter device was 1 6．2 mA at 3 GHz，with a 3-dB bandwidth of 9．73 GHz．

Results：

3

Structure and electric field．Figure l(a)shows a cross·sectional schematic view of a Si／Ge UTC photodiode based on a

commercially available SOI substrate witll 1。0-pm-thick n-doped Si and 2-Uxn-thick BOX layers．A step gradient doping profile

was employed，which enabled the generation of several regions with high local electric field to further decrease the transit time

of the photo·generated electrons，as the red cHrve shown in Fig．1(b)．A simulated band-gap diagram and electric field

distribution at 0 V of such a device are illustrated in Fig．1(b)by the blue and red curves，respectively，calculated aRer modilying

the doping parameters according to the results of secondary ion mass spectrometry(SIMS)measurements．The built-in electric

field was generated from the differences in the doping concentration．Each abrupt change in doping concentration corresponded

to an electric field peak．The photon-generated electrons were accelerated in the Ge absorption layer and gained kinetic energy to

pass through the Si／Ge heterojunction barrier under the action of the built·in electric field．A larger electric field and thus lower

transit time can be obtained compared with those achievable with conventional linear gradient doping of the absorption layer

[36,37,38]．A micrograph of a photodiode with a 15．gm．diameter top mesa is shown in the inset of Fig．1(a)．
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Fig 1(a)Cross．sectional schematic view of the reported C_re-on-SOI UTC photodetector and top view of adouble-mesa Stl'UCRlre of the Ge-Oli·SOI UrC

photodetector．The substrate was SOI州由a 1．0-gm-thick n-doped top Si fflrn and a 2-gm．thick BOXlayer．the collect layer was a 0．3-pm-thick imrinsie epitaxial
silicon layer，and the absorption 1ayer w孙a 0．6-帅．也ick epitaxial germanium layer with step可adiem doping ofB atoms．(b)The left black COOrdinate and curve
show血atthedoping concentration ofB atomsin也eGe absorptionlayerstep decreasedfrom 5 x10“t02 x10“／cm3．as determinedby StMS The etch stepwas
nearly 0 05 txm wide．resulting in six high local electric fields to accelerate tIle photon．generated electrons and shorten the transmit time．nle right red and blue
C00rdinates show the electric field and band energy of our devices withom bias．respectively．The peak value and width of the six local electric fields were
determined by the doping concenwation around the step interfaces According to our simulation,six step gradients in nle absorption layer cnabled amaximum
potential difference across the layer．

Responsivity characterization．The responsivity of a vertical-illumination photodiode is limited mainly by a combination of

three factors：(1)the coupling efficiency determined by the top anti-reflection coating；(2)the absorption efficiency of the Ge

layer；(3)the collection efficiency of the photon．generated carriers【39]．The former two factors can be optimized through the

structural design of the devices．The last one is mainly determined by the quality of the epitaxial crystalline Ge and the electric

field inside the devices．Generally，only the light coupled into the absorber(Po)can be convened into electron—hole pairs．To

”
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maximize the coupled light，the thickness of the top anti-reflection coating should be N‘(LJ4n)，according to destructive

coherence inside the coating，where N is a positive integer,and n is the refractive index ofthe coating[40】．The carrier collection

efficiency of Si／Ge UTC photodiodes is mainly determined by the design of the electric field inside the devices and by the

recombination caused by defects inside the Ge layer and at the hetero．interface[4z,42]．

Absorption efficiency is generally dependent on the absorption coefficient and thickness ofthe absorption layer．The absorption

coefficient ofGe is relatively low at 1 550 sin，which is near the band-gap edge．The powerinside the absorption layer％can bc

expressed by P曲=P。(J—e—4D)，where口is the absorption coefficient of the absorber and D is thickness of the absorber．The

in订oducfion of the SOI substrate Wits expected to cause recycling of the transmission light and improve the light absorption of

the device．The new absorption power is：

％印。(卜e一ⅡD)+聆e咖·R何·(』一e锄) (1)

where
R,4
is the reflection coefficient of the SOl substrate，and Rre．／"is the reflection coefficient of the top coating film and Ge

film．The detailed optical power distributions in the Si／Ge UTC photodiodes on the Si and SOl substrates were compared by

simulation with the commercial finite-difference-time-domain(FDTD)simulation package，aS shown in Fig．2．The scale bar

illustrates the optical power．The optical power inside the Si bottom layer of the SOI substrate is obviously much lower than that

in the silicon subsWate，which indicates the unemployed or transit light power of the devices．Therefore，S01 substrate is more

beneficial to higher light absorption by Ge through reflection ofthe BOX compared with the Si substrate．
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Fig．2．0ptical power distribution inside Si，Ge UTCdevices grown on(a)Si substrate and(b)SOI substrate．The only difference between the two devices was

the insened 2-lma-thick BOX layer。and the thickness of the silicon collection and contact layers WaS 1 3“m The scale bar illustrates the optical power．Because
of the coherence effect between the incident light and reflected light of the BOX layer，the optical power inside the Ge，Si，and BOX exhibited aperiodic
enhancement distribution The period WaS determined by the refractive index and the wavelength ofthe incident light．The light inside the Si bottom layer ofthe
SOI subsln'ate and inside silicon subslrate WaS the unemployed light of the devices．Obviously．that in the S01 was much 10wer than that in tlle silicon substrate．
Thus，the S01 substrate was more beneflcial forhi曲er light absorption by Ge，compared with the Si substrate．

The relationship between the absorption efficiency and the thickness of the BOX and silicon layer was analysed and calculated

according to the SMM using Matrix Laboratory(MATLAB)．When the thickness of the anti-reflection coating was fixed，the

absorption efficiency varied periodically wim the thicknesses of both BOX and Si．shown in Fig．2．The absorption efficiency of

the device without BOX was O．092 with a 0．6·gm·thick coating film．but the maximum obtained was O．217 with a 1．1-gm-thick

Si layer and a 1．85-gm-thick BOX，more than double．However，the general thickness of the BOX layer in commercial S01

substrates is 2 gm．Because of the constructive interference between the reflected and input wraves，the thickness period(乃is T

=M2n．where A is the input wavelength and胛／s the refractive index of the transmission media．Here，the silicon thickness cycle

was O．223 gm with a Si thickness of 1．3 gm，i．e．，the structural parameters of our device as shown in Fig．1(a)．Thus，theoretically，

the maximal absorption efficiency is about 0．1 68．and the ideal responsivity is 0．208 A／W without photon-generated carrier

recombination．

一瓣coku一￡薹
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Fig 3 nle wavelength of the incident light Was 1550 rim,and the absorpfion efficiency of the Ge matedal was 1000／cm．(a)Relationship between the

absorption emciency of C-e-on．SOI UTC photodiode and the thicknesses of也eBOX and silicon layers．Using these thicknesses of the BOX and silicon as
ordinate and abscissa．respectively．the absorption emciency is mapped in colored points in a two．dimensional coordinate planC．The bottom black dashed line
represents the absorption e伍ciency of the devices without BOX 1ayer，which was 0．09．The other two special Domts are the maximum of 0 217 with a

1．1．mn．thick Si layer and a 1．85．Brn．thick BOX and也e minimum of0 044 with a2．13-mn-thick Si layer and a 132．”m-thick BOX．(b)Relationship between
the absorpfion efficiency and the thickness of the silicon layer,when the thickness of吐le BOX is the general commercial value of 2岫The absorption
e壤ciency changes periodically with the thickness of Si layer because of constructive interference．The period is T=2／2n．which is 0 223 pm for the silicon
Iayer，and the maximum e币ciency iS 0 168 when the silicon thickness is l 3№which iS the S血q．1CtUral parameter ofoBr device．

The experimentally determined device current for the 1 5·“m—diameter photodiodes，without illumination and with the normally

incident light on the top surface，is shown in Fig．4．The dark current was 58 nA under a reverse bias of 1 V，which corresponds

to a current density of 96．3 mm／cm2．The minimum dark current density was approximately 6 1．9 mA／cm2 for the 40．gm．diameter

device at一1 V．The dark current could be further reduced by appropriate thermal processing to decrease the threading dislocation

density around the Si／Ge interface【11】【1羽，by the passivation process，or by the application of a guard．ring around the sidewall

At a reverse bias of 1 V，the optical responsivity was 0．18 A／W at 1550 nnq、^rim a 0．6一gm·thick Ge layer，50％higher than that

of the existing Si／Ge UTC devices，which is R=0．1 A／W with a 0．8．gm-thick Ge layer[71．In Fig．4，the mismatch between the

dark and optical currents between 0．7 V and 0．3 V arose from the diffusion and collection of the photo-generated carriers

because of the gradient doping of B and P atoms in the actual epitaxial layers．Because of the carrier recombination，this

measurement responsivity is little lower than the former theoretical results．

萎

2

专

，

5

0

强

2

鹅

，

％

o

．Io

JI：昂一)(o∞．Io砩∞o二卫。一二LL

D21053100654ZX00



7

voltaae f、，l

Fi2．4．Current-voltage characteristics ofthe 15．Bin．diameter device withom硼uminafion and under laser irradiadon、撕m an input optical power of 1 2mW at
1 550 roll The dark current without bias w骶0 23 nA When the陀versg bias w醛increased to 1 V，the dark current rose to 58 nA,corresponding wi也a cIl恻
densityof96．3mA／cm．Theoptical rcsponsivitywas 0．18A／Watl55011111．The dashedlineindicatesthattherewas 8saturationofthe optical responsivityvalues
at 0 V bias,which indicates that this photodateetor configuration allowed nearly complate photo-gencrated cⅢTiel"collection witho,,t bias．

3一dB bandwidth characterization．The bandwidth of common photodiode is limited mainly by the resistor-capacitor(Rc)

bandwidth①c)and the carrier transit．time．1imited bandwidth∞in the active region【431．Particularly，for UTC devices，the most

important limitation is the transfer time of electrons in the p-type absorption layer owing tO their low diffusion velocity in it．

Based on the principle of conservation of energy，the electrical potential difference across the absorption layer determines the

change in kinetic energy of the carriers．A high kinetic energy in the absorber could shorten the transfer time of the electrons．

Basedon the direct relationship between the doping difference across the doped junction and the electrical potential difference，a

step gradient-doping region was introduced in the absorption layer to increase the potential difference across the Ge layer．We

can assume that the photo·generated electrons driRed with saturation velocity(b)in the p-type absorption layer of our devices

owing tO the high potential drop across the absorber，and then across the collection layer with thermionic emission velocity(v曲，

because of the effect of the thermionic emission[61．Then，the carrier transit frequency eaR be approximated by the following

equation：

z：1“2石％)=1／(wo／v,+w．／v,h)=l／(吸／K+睨／、丽)， (2)

where⋯聃is the thermionic emission velocity，Vs is the saturation velocity，and mF+is the effective mass of the electrons．The

capacitor in the absorption layer is ignored，SOAc ten bc approximated using：

k= 2叫"砌c 2嗽Ⅷ·等’
where职is the collection layer thickness，％is the absorption layer thickness，D is the mesa diameter，凡is the load resistance

(50 Qin this case)，Rs is the series resistance，and￡and EO are the relative and vacuum permiuivity，respectively．If the series

resistance of the device is about 100 Q．which WaS the measured resistance of Our devices equal tO the slope of I-V curve at the

positive bias of nearly 0．26 V【441．The theoretical values off,an with various diameters are shown in Fig．5(a)．The results are
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almost consistent with the experimental results except for the 15一gm-diameter device，as shown in Fig．5(b)．Therefore，the step

gradient-doping design was able to make the carriers drift in the absorber with a saturation velocity and efficiently increased the

transit frequency of the UTC photodiodes．The different result observed for the 1 5-gm-diameter device may be from the higher

series resistance of smaller size devices caused by the fabrication processes．

r

雹；◆k。
!=盟Dia端meter=40 吣I fIMeasuredbandwidth： 11-一Dia丌试er=30 um l℃、I l’I

l 整弘 I

l 畿。7、l

：49：7730辫3帖0∞ |‘I飞、。G№⑨um i ％f
2．70 G№@∞咿 l I≮I

Frequency(GHz)

Fig 5 Frequency responses for UrC曲otodiodes with diameters of 15，30，and 40岬under 1550 mn incident light：(a)theoretically predicted values for a
series resistance of 100 Q．which was measured using the slope ofthe I-V curve at吐le positive bias ofca 0 26 V and on the assumption吐1at血e photo-generated
elcctrons traveled across the P．type absorption layer by drifting with saturation velocity(％)，and across t11e collect layer by drifting witll thermionic emission
velocity(v豳)(b)The 3-dB bandwidth WaS measured wi也a vector network analyser The t11eoretical五d values are almost consistent wi血也e experimental
results except for tlle 15-pan．diameter device，whose difference may have resulted from the higher series resistance of smaller size devices caused bv tlle
complicated fabrication processes．

Saturation characterization．The device saturation current was obtained using large signal measurements，as shown in Fig．6．A

100％modulation depth tone WaS fixed at 3 GHz for measurement of the 1 5一gm·diameter device．The fabricated devices

exhibited high saturation photocurrents．The 1-dB compression currents were measured to be 1 6．2 mA at reverse biaS voltages of

一6 V．For the 40-“m-diameter device晰t11 a 3 dB bandwidth of 2．7 GHz，the saturation current was 16．24 mA with a fixed

modulation frequency of 1 GHz under一7 V bias，and the RF output power was 4．6 dBmW．The saturation of the Ge-on-SOI

UTC photodiodes could be further improved by suppressing thermal effects[45,46]by substrate thinning and decreasing the

thickness ofthe BOX layer．
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Fig．6．Results of large signal—I<IB compression photocurfem measurement for flae 15-／am-diameter SYGe UTC photodiodes．The incident light had a
wavelength of 1550 nm，100％modulation depth，and modulation frequency fixed at 3 Cd／z The sataration current w懿162 mA at a咒惴e bias of6 V0 end the
output RF power w船3．7 dBmW．The saturation current and RF power Wel"e fur岫"increased、viIll the reql㈣bias

Diseussion

The demonstrated on-chip performance of the present high-responsivity vertical-illumination Si／Ge ani-traveling-carrier

photodiodes paves the way for a11 kinds of vertical-illumination Si／Ge photodetectors with high responsivity．and high-quality

epitaxial germanium．It will also allow the realization of large-scale monolithic integrated microwave optoelectronic antenna

systems with low cost and low power consumption．The use of silicon-on-insulator substrate for Si／Ge UTC photodiodes offers

advantages in reflecting the transmission light tO increase the absorption efficiency ofthe input optical signal，and improving the

lattice quality of Ge epitaxial layer to increase the efficiency of photon generated carrier collection．Because ofthe constructive

interference between the incident light and the light reflected by the buried oxide layer of the SOI，the maximum absorption

efficiency of the devices on SOI substrate Was 2．4 times greater than that obtained with silicon subswate and 4．9 times greater

thantheminimum absorption efficiency．Thephotodiodes showeda responsivi够of0．18A／W atawavelength ofl．55 gm，which

is a 50％higher responsivity witll a 25％thinner Ge absorber than that reported for previous Si／Ge UTC devices．Furthermore．

use of a step gradient-doping absorber caused the carriers tO drift with a saturation velocity in the absorber，which efficiently

increased the transit frequency of the UTC photodiodes．As a result，the 3-dB bandwidth of the 15-Ixm-diameter device Was

improved to 9．72 GHz under a一5 V bias voltage．The 1-dB compression current ofthe device Was 16．2 mA at 3 GHz．

Methods

Silicon and germanium film growth and characteristics．After the growth of the intrinsic Si layer at 750。C by cold-wall

ultra-high vacuum chemical vapour deposition on the SOI substrate using a source gas of pure Si2I'{6(UHV-CVD)，a brief

interruption Was introduced to decrease the growth temperature tO 290。C for the growth of the 60-nm-thick p-doped Ge buffer

layer．A 600-nm-thick boron-doped Ge layer was then grown on the top as the absorption layer at 600。C using pure Get-h and
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diluted B2H6 SOUrce gases．Six boron．doping concentration steps were made in the Ge absorption layer，decreasing from 5×1 019

to 2×1017／cm3，which WaS confirmed by SIMS measurements，as shown by the black curve in Fig．3(b)

Fabrication and characterization of photodiodes．Circular Ge layer mesas for normal incidence Si／Ge UTC photodiodes with

diameters ranging from 15 to 40啪were defined by standard photolithography and inductively coupled plasma(ICP)etching

The second mesa was etched to the 2-I．tm-thick buried oxide layer．The double mesa layout significantly reduced the parasitic

capacitance．Top and bottom contacts were lithographically defined on evaporated Ti／AI and a rapid-thermal·annealing CRTA)

process Was carried out如r impurity activation．A passivation／antireflection coating Was deposited by plasma enhanced chemical

vapour deposition(PE·CVD)．Windows for the metal contacts were opened by C4Fs ICP etching．The metal pad was evaporated

and lifted off．A micrograph of a photodiode with a 15-diameter top mesa is shown in Fig．1(b)．The current·voltage

characteristics of oBr device was measured using all Agilent B1500A semiconductor parameter analyser on a probe station at

room temperature．The photocurrent-voltage characteristics were obtained under laser irradiation at a wavelength of 1550 rkm

withpowerofl．2mW

Saturation measurements．The device saturation current was obtained using large signal measurements．A heterodyne

technique using two free-running lasers at 1550 nnl was used and a modulation index Was ultimately obtained．A 100％

modulation depth tone Was fxed at一3 GHz for measurement ofthe 15一“m—diameter device．
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A hybrid film of carbon nanotubes(CNTsl and silver nanowires(AgNWs)血at could be regarded
as a parallel circuit of CNTs and AgNWs was developed．which exhibited a low sheet resistance of
23 Q／sq and transmittance at 550 n／n of 93％．The relatively high，intertube contact resistance of

CNTs was reduced by the metallic AgNWs．which acted as bridges to aid carrier transport between

CNTs．A hybrid film of CNTs and AgNWs was used as a transparent conductive layer in an

A1GalnP light．emitting diode(LED)．Including the hybrid film in the LED increased the optical

output power by about 1．6 times and decreased the red shift of emission wavelength from 13．11 t0
9．7．◎2015AlPPublishin2LLC．[http：Ndx．doLorg／10．1063／1．49063511

Transparent conductive layers(TCLs)ale important in

light-emitting diodes(LEDs)to transport the injcoted current

from the electrodes to the emitting area．Tllis enhances the
quantum efficiency of LEDs，and avoids current crowding
under the electrode in the vertical direction，which causes

heat generation and decreases reliability．Indium．doped tin

oxide fif01 is widely used as a TCL in LEDs．organic
LEDs．and touch screens．However．IT0 is expensive
because indium is scarce，which is the main motivation to

find an alternative material wi血good optical and electrical

performance similar to or beuer than that of ITO．

Nanomaterials such as graphene。1 carbon nanotubes

(CNTs)。2 and silver nanowires(AgNWs)have attached con．
siderable attention because of their unique electrical proper-

ties，5 excellent chemical stability，and mechanical flexibility，

which make them promising candidates to replace 11rO iIl

optoelectronic devices．Graphene has hi吐mobility and opti．
cal transmittance．1 However．there is a large difference：in

work function between graphene f一4．5 eV)and P·type sub-

strates such as P．GaN f～7．5 eV)．4‘’This large difference of

work function CaUSeS a hi曲tum—on voltage and inefficient

current spreading，resulting in light enusslon occumng only
near the p—metal regions．especially on P．GaN because of its

high sheet and contact resistance．o

AzNWs are a sgong candidate to replace ITO because
of their intrinsic high conductivity and favorable optical

transparency．However，the easy oxidation under ambient

conditions，poor adhesion to substrates，and selfaggregation
of AgNWs made it dimcult to fabricate uniform AgNW
films on a large scale．CNTs have a typical sheet resistance

(Rs)of 200_1000 f1／sq and transmittance at 550nm(Tsso mn)
of 80％一90％．Thev also have the most mature fabrication

technology of altematives to IT0，and have successfully

replaced IT0 in the touch panel of cellular phones．7
However，the＆of CNTs is still limited by their intcrtubc
contact resistance．A thin metal coating on CNTs call

0003·6951／2015／1 06(3)／0331 01／4，$30。00
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decrease R。from 1000 to 100 n／sq，but this is still relatively

hi吐compared with that of ITD 0f lo-50 f4]sq．Under血e
sanle conditions．there is an additional 1 0l％transmittance

loss usingCNTs instead of玎．O．8

Recent reports have revealed thal using a combination

of nanomaterials as a TCL can provide superior properties
and fill new roles．A graphene-AgNW hybrid structure was
used as a TCL in ultraviolet LEDs．’Tbis caused the R。of

graphene to decrease from 500 to 30 fl／sq,because the

AgNWs bridged the grain boundaries of graphene and

increased the conduction channels，which resulted in a

marked enhancement of light output power．A hybrid of mes-

oscale Cu and nanoscale Au improved the Tssonm-Rs per-
formanee of optoelectronic devices，which decreased their
power loss．’However，the scale of tens of micrometers used
in the hybrid structure was not suitable for LEDs．The size of

the LED chips is typically about 200 pm to 1 mm．while the
diarneter of all electrode Pad is gbout 100啪．Mesoscale Cu
(1-5胂)is t00 large to use on U∞chips with a typical size
of several hundred micrometers because it would cause con-

siderable optical loss．

Bo也CNTs and AgNWs have a one．dimensional struc·
tUl'e with a nanometer．scale diameter．One of the largest
dlallcngcs for one．dimensional network films is to obtain

low R。and high transmittance simultaneously．。”Individual
CNT possesses extremely hi曲mobility and COUductivity，
and favor charge transport along the tubes．AgNWs possess
lower contact resistance tharl CNTs．so the combination of

CNTs and A驴,rWs could improve their Tssonm-Rs perform—
anon．for use in nanoscale devices．In this paper,a hybrid film

of CNrs and AgNWs was fabricated to reduce R。of CNrs

at a given transmittance．T11e hybrid film is used as a TCL in
an A1GaInP LEDto investigate its potential as areplacement
forITO．

The structure of血e LED with hybrid film of CNTs and

AgNWs as a TCL is illustrated in Fig．1．ne Agr州Vs call

106，033101-1 0 2015 AlP Publishing LLC
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cm￡AgNw姆蛐蜘m弹辑嫩elec黔＆

FIG．1．Schematic diagram of止e LED wi也Q汀／AgNw hybrid film as a
TCL．The AgNW ne似ork acts as a ca讯er bridge to incrcase ca币er trans-

pon betw蝴吐1e Q汀s，resul鲕g in a symme砸c can{eT dist曲mion．

obt如ca埘ers ftom the CNTs and men act as a currem
source to redistribute me carriers to otller CNTs wim lower

intertube comact resistance tllan mat between CNTs alone．

The hvbrid film takes advantage of me extremelv lligh mo-

bilitv a芏ld conductivitv of iIldividual CNTs and avoids the

high协ternlbe contact resistance of CNT networks bV协clud．

ing Ag卜rⅣs．The ca仃iers are not omy tmsported along the
CNTs bm also between(玲汀s tIlrou球tlle AgNW bridges i11

a venical diI℃ction，proVid协g a symmetric carrier distribu·

tion．T越s could i11crease tlle distance of camer tramsport，
resultill2 in lli2h conductivitv and low power dissipation，

The口ossible electron transport patlls are_illustrated iIl me

inset of Fig．1．
A1GaIr】P LEDs were f曲矗cated on n．GaAs subs衄tes bv

(1eposition of 15 pairs of凰．6Gao．4s止啦赴dis试buted
Bragg renectorS 0n a 100．r1111．tllick GaAs bu髓r layer．The
act主ve region was 800 nm t11ick and comprised 60．period

(越o．5Ga0．5)o．5In0．5P／(越o，】Ga0．9)o．51110．5P multi-quaIltum wells，
w11ich were salld研chedbetween p-and n-(仙7Gao．3)o．51110．5P
claddiIl2 laVerS for elec廿。咀and hole confiIlement，respec-

tivelV。To studV the cIIn．ent．spfeadi工lg eff色ct of me hVbrid

f11m，a 500．nm_thick Mg．doped，p．GaP window layer w曲a
dopiIlg density of 5×10蜡cm．j was deposited on t叩of t11e

LEDs．

As a p—type elec仃ode，Au届eAu／Au(50／1 50／200 nIn)
wi也a diaIIleter of 100“m was deposited on me LEDs aIld

then Dattemed bV wet etchiIlg． A super．aligned CNT

(SACNTl 6lm was dmwn con血uouslv行om muIti—walled
CNT arravs and tllen adsorbed on the su西ace of each LED

wafer曲’ough van der Waals iIlteractions．¨To keep the
SACNTs m place，Ti，Au(150／300m)was deposited and
pattemed on each口．tvpe elec仃-ode．The AuGeNi／Au n-

elec仃ode was deposited on the n．GaAs substrate bV sputter．

in2．For comparison，barc舢GaInP LEDs witllout a hvbrid
film were also fabricated．The ch主p size was 300 x 300“m．

The odgiIlal SACNT丘1m was relativelV mick wim

T550衄of about 86％．To decrease botll t11e density of nano-

tubes and oDtical 10ss，tlle SACNT丘1m was etched witll O。

口lasmawith an0．丑ow rate of40 sccm a11d powerof 300W．

Af【er etchiIlg for 30 s，T550。rn of the SACNT矗lm was about

96％，mdicating t11at few CNrs remailled on me surface．Fig．

2fal shows me traIlsrnittallce of me CNT film before and正
ter 0，plasma etchiIl2，which was repmducible．S01mion．

based Ag阿Ⅳs were spiIl coated on tlle surface of tlle

SACNT film a船r 0，Dlasma etclling．The CD盯s increased
t11e sl施ce rougllIless of the sllbs仃ates．which benefited me
adhesion of A筇寸Ws．The hybrid film was arulealed at 200。C

Ap叫Phys．Le髓．106，033101(2015)

for 10 miIl to im口rove me contact between t11e CNTs，

AgNWs，a11dLlm surface．Fig．2(b)depicts a scannmg elec．
tron 111icrosco口e(SEM)image of a hvbrid lllnl of AgNⅣs

aIld SACNTs a矗er 0，D1asma etchiIlg．Bunches of CNTs

were venica玎V ali霉med，and吐1ere were stin large uncovered

a1_eas t11at would a110w li￡rht tI．ansIllission wimout loss．

R。of吐le hVbrid fihns generallV mnged fbm 500 to l000

Q／sq．The diameter of me AgNWs waS about 40 IlIn and meir

concen协mon i11 the flhns w2Ls 0．5 mg／m1．Fig．2(c)shows me

d印endence of T550nIn on Rs of the h姗d filIlls w油吐1e con·
cemration of AgNWs m血g f如m 0．25 to 3 mg／ml，which
demons锄批d a tVDical Dercolation ef诧ct．For AgNW concen．
tr撕ons of O．25 aIld O．5 mg／ml，T550。rn(R。)of me hybrid flhns

was 93％(88跳q)and 90％(23 Q／Sq)，respecmely．The
decrease of tI锄srnittance of abom 3％—6％was caused bv t11e
addition of A∞qWs．However，R。of me hvbrid丘1IIls waS con-
siderablv 10wer comDared wim t11at of me ori譬inal CNr fllm．

T550。。@。)da诅for films wim a11d wimout A椰7s prepared
usiIlg me s锄e condidons were 97．1％(265跳q)and 94．2％
(3 1 Q／s日)，respec曲elv．＆decreaLsed for吐1e filnl w曲
A卧rⅣs，Ⅵ枉ch西dicated t11e percol撕on effect was re】ieved a

1ime bit．R。of吐le hvbrid：丘hn decreased bv abom 25％—75％

com口ared w曲that tlle film contailli芏lg AgNWs omv．The(1if．
ference of T550 nm between血e hybrid aIld A驴rW filIIls waLs

illst 4％，whjch waS caused bv me absorption of t11e CNT

丘lm．nle data obtailled for tbe hvbrid丘lms are comDarable
with me reported data for AgNW丘1ms of T550。=80％，
Rs=20 r狐q，“T550。。=90％，＆=50泓q，”T550。。=88％，
and＆=12 f№q on celhdose nanop印er，“aIld T550nfn
=97．9％and R。=91．3 Q／Sq bv addiIlg exf01iated clavs to me

Agl闷W s01u石on t0 reduce t11e self二aggregation df nallowires．”
TheSe Values iIldicate吐lat me T550nfn-Rs pe叠f∞ma工1ce of nle

hv嘶dfilnlisbe札ermaIlmatofAgNWs andQ盯s alone．
Transmission Tf量1 and R。of a NW五lm can be

expressed as

嘶，=(·+豪为～， (1)

where Zn is me impedallce of f把e space and is equal to 377

Q承ef．16)and盯印and盯出are me optical aIld DC conduc-

tivitV of the film，res口ectivelV．The oDtical and electrical Der．

fonnance of me最lms caIl be evaluated bv也e ratio of

％c／仃印．Hi曲Ⅱ．ansIIlittance aIld low sheet resistance give a

large ratio of∞c／盯印．ne缸st criterion for a hi曲-
perfomance T(=L is盯出／仃叩≥35 to acMeve t11e target吐lat
the transmi廿ance is greater maIl or equal to 90％，aIld me re．

sistaIlce is 1ess maIl or equal to 100 Q／sq．川咄／盯印of the
film prepared by spiIl coatillg was 250，as shown iIl Fig．2(c)，
wmch was much 1arger man that of CNTs alone．川The meo．

retical prediction 6tted me experimental data weU except for

mat for a low concentration of A窑NWs．

Fig．3 shows me currem．volta2e(I．V)characteristics of

fabricated A1GaInP LEDs wi血aIld、j17i也out hvbrid丘lms．

The LEDs showed rectifvmg behavior wim similar reverse

1e出溘ge current．The fbrward voltage at an in{ection cun．ent

of 20 rnA was 2．O a11d 2．1 V for me LED wim a11d谢thout a

hybrid film，respectiVely．The decrease 0f forward V01tage
was caused by也e change of current iIljection i11 me hybrid
矗lm in也e～GaInP LED．Accordillg to the simulation，tlle

D21053100654ZX00
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FIG-2·(a)Transmittance of aCNT film on glass before and after 02 etching．(b)SEM image of the AgNWCs on SACN”Fs after 02 etching with an AgNW con．
centration of 0．5mg／m1．(c)Dependence of the transmittance at 550nm on the sheet resistance of the Ag．NW／SACN”f'hybrid films on glass for different
AgNW concentrations．

carriers injected into the semiconductor originated from the

sparse network of hybrid film that was equipotential under

the bias。The cartier distribution in the active region was uni．

form，which resulted in uniform emission in the active
re，gion．For a conventional LED structure wi吐l ITO or GaP

as a TCL，the carrier spread depends on the mobility，thick．
ness，and electrical field distribution of血e top layer．

Generally，the high carrier distribution under the electrode

caused by the carrier．crowding effect results in high．

intensity light emission in the active region，which decreases

the reliabiHty of the devices．1
8，19 The electroluminescence

(ELl spectra of the A1GaInP LEDS wi血and without a hybrid
film as a TCL at all injection current of 20 mA are presented

《
一
芒
型
3
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0 08
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0 0C
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in Fig．30a)．Although there Was 10％optical loss caused by
the absorption of吐1e hybrid film．the EL intensity of the

A1GaInP LEDS with a hybrid film was greatlY enhanced
because of the efficient carrier injection to GaP and then the

active region and the effective current spreading by the

hybrid film．The high surface roughness of the hybrid film
fumler increased the light output of the LED．The inset of

Fig．3(b)shows EL images of the AlGaInP【正D wafers

before dicing with all image size of about 2．5×2．5“m under

an injection current of 5 mA．Emission谢t11 lligh intensity
was localized around the electrode of the LED withOUt a

hybrid film because of the current．crowding effect．The inte．
grated area of the EL spectrum for the LED wi血a hybrid

64C

63e

632

Wavelength(rim)

Current(mA)

FIG．3．(a)I-V performance，(b)electroluminescence(EL)spectra at 20mA，and dependence of(c)light output，and(d)peak wavelength on the injection cur-
rent of AIGaInP LEDs with and without an AgNW／CNT hybdd film，respectively．Points aTe experimental data and lines are fitting results．The inset of(b)
shows EL images of AIGaInP LED wafers with dimensions of about 2．5 X2．5姗at an injection cu九弓nt of 5 mA．
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film was 1．6 times greater than that of the眭D without a
hybrid film．The EL image of也e LED wafer with a hybrid
film／'eveals bright uniform emission over the whole wafer,

providing strong evidence for effective current spreading by

the hybrid film．Fig．3(c)shows the dependenee of light out—

put power of the devices on injection current from 0 to

100mA．The light output power and extemal quantum e伍一

ciency at 20 mA of the LED with a hybrid film were 1．6

times greater than that of山e LED without a hybrid film．

consistentⅥ，ith t11e integrated area ratio of the EL sloectra．

nle ex拄acfion quantum e硒ciency of the UjD with a hybrid
film was also 1．6 times greater thall that of the LED without

a hybrid film because these LEDs were fabricated on the

saroc wafer．The obvious enhancement of extraction quan—
rum efficiency resulted from the effective carrier spreading

by血e hybrid film．The maximum opficM peWeT of the LED
with a hybrid film was also 1．6 times greater than that of the

LED without a hybrid film at injection currents of 60 and

42 mA。which was limited by heat generation inside the devi-

ces．Effecave current spreading by the hybrid film decreased
the deglee that也e temperature rose．nle emission wave-

length of the AlGaInP auantum well material was sensitire

to temperature．Fig．3(d)shows the telationship of the peak

wavelength of LEDs with and without a hybrid film on injec—
tion current．The Deak wavelength exhibited a red shift of 9．7
and 13．1 l rllTl丽tll inere．asing injection culTent for也e U：Ds
with and without a hybrid film，respectively．The slopes of

the lines fltted to these data were 0．1 and 0．15 nm／mA for the

LEDs with and without a hybrid film，respectively，revealing
that the hybrid film effectively decreased也e red shJa。-t of

emission wavelength with increasmg injection current．
In conclusion．a hybrid film of AgNWs and CNrs wi血

T550。。@；)of 94．2％(31跳q)was used as a CUiTent spread：
ing layer in LEDs．obtaining a 100％enhancement of light
oDtical power at 20mA and a decrease of emission wave．

1ength red shift from 0．15 to 0．1 nm／mA．
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Themaximum power conversion efficiencies of the top-emitting，oxide·confined，two-dimensional integrated 2x 2 and

4x4vcrtical-cavity surface-emittinglaserfVCSEL)arrayswiththeoxide—aperturesof6阻n，16叫B19Ⅲ皿，26¨n'29mn'

36Ⅲ[Ⅱ，39哪and 46Ⅲn are fabricated and characterized，respectively．The maximum power conversion cfficiencies
increase rapidly with the augment of oxide-aperture

at the beginmng and then decrease slowly．A maximum value of

27．9l％at an oxide-aperture of 18．6 larn is achieved by simulafion．The experlm肌tal data are well consistent with the

simulation results．which afe analyzed by utilizing an empirical model．

Keywords：Veltical-cavity surface·emitting laser arrays，power conversion efficiency,oxide-aperture

EACS：42．55．Px。42．60．Da，42．60．Lh DOI：10．1088／1674-1056／24／2／024209

Vertical．cavity surface-emitting lasers(VCSELsl have

been widely used in optical interconnection，optical corn—

munieations，high-speed dam transmission，and many other

applications．[1-3]due to也eir advantages in telms of low

power dissipation,low threshold，high efficiency,high speed

modulation，cost-effective，ete．【4，5】High-power VCSEL ar-

rays are attractive for optically pumping solid-state and fiber

lasers．Due to the low round—trip gain of VCSⅡ．increasing
tlle aperture diameter of each element in the arrays．&een to

several hundreds of microns，is widely regarded as an effec-

rive way to achieve high optical output power．However,the

carrier distribution，active gain，and refractive index become

non-uniform wi也the increase of the aperture．which is mainly

determined by the spatial hole-buming effect originating from

lateral series resistance．【6吨J Hence．the power conversion el-

ficiency decreases，which is a significant performance in the

appHcation of VCSEL arrays．A recent report has shown that

the maximum power conversion efIiciency of4x4 VCSEL ar-

rays with 200．um aperture is only about 17．8％．19j This is dif-

ficult to use in practical applications because the power supply

must be very high due to the low powerconversion efficiency．

Seurin甜a1．[10j found that也e maximum powerconversion el-

ficiency(MPCE)of the single VCSEL increases quickly witlI

也e augment of aperture．it reaches its maxinaum value at the

beginning and then decreases slowly．The MPCE of 50％wi也

an aperture of 10岫is achieyed for the individual VCSEL．
As evidenced bv出cir experimental results，Hofmann et a1．L“1

demonstrated that也e MPCE followed a similar tendency and

obtained a maximum value about 22％at a 10一岬aperture．

However,the tendency of N吧CE for VCSEL arrays has not

yet been analyzed in theory or verified in experiment．There·

fore，it is important to systematically understand the telation-

ship between the power conversion efficiency and the aperture
of VCSEL array．

In this paper,we investigate the relationship of the power

conversion efficiency with the oxide aperture by the top．．

emitting 2x2-rim and 4x4 850-nln VCSEL arrays．Both the—

oretical analysis and experimental measurement indicate that

there exists an optimal oxide aDertul七for VCSEL arrays to

obtain maximum power conversion efficiency．Our StUdy puts

forward an insight into the optimization of the VCSEL array

design for improving the powerconversion efficiency．

2．Structure and fabrication of the device

The reported VCSEL arrays are fabricated from a

metal organic vapor phase epitaxy grown A1GaAs strtlC—

ture on an n-type GaAs substrate．The bottom n-type mir-
ror below the active region consists of 34．5 pairs of Si—

doped越o．90a0．1AriAl0．12Gao．88As distributed Bragg reflec-

tors(DBRs、for hi【gh optical reflectivity．ne an-doped ac-
rive region contains three GaAs quantum wells that are ten．

tered on the anti．node of the optical standing wave within

the one．wavelength cavity,witll its photoluminescence peak at

835 nnl．The top P-type min'or above the active region consists

of 20．5 pairs of C—doped A10．12Ga0．ssAs／A10．9Ga0．1 As DBRs，

each of which has an A1 fraction similar to nle bottom n—DBR．

Graded interfaces and dopings are used on the top and bottom

DBR layer to reduce the differential resistance and maintain

low free carrier absorption loss．A single low．index quarter-
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wavelength越0．98Gao．02As oxidization layer in the P-type mir-

ror adjacent to the acrive region is employed to form an oxide

aperture for current and later opfical confinement．Atier that，

a highly doped 25-rlrn GaAs Ohmic contact 1ayer is formed

on the top of the epitaxial wafer．The operation wavelength of

tllis structure is designed to be 850 nlTI．

The top．emitting．oxide．confined 2×2 and 4×4 850一nrrl

VCSEL arrays are fabricated through a series of processing

steps，including mesa etching，wet oxidation，and contact for-

marion，and its schemaric cross section is presented in Fig．1．

The fabrication of theVCSEL arrays is described as follows．
To form about 3．岫height cylindrical mesa for exposing the
oxidation layer(Alo．9sGa0．02As)，the sample was soaked for

9 min in a CH30H：H3P04：H202 solution wi也3：l：1 volume

ratio in ice--water mixture，by using 200。nn'l Si02 as the etch．

ing mask．After that，the灿O．9sGa0．02As oxide—confined layer
was selectively wet—oxidized in a high humidity furnace at

400 oC with a 90．。C water bath and 1．L／min N2 flow in order

to form the current oxide—aperture and provide lateral current
confinement．The oxide-apertures of VCSEL arrays are 6 Um，

16岫，19哪，26岬，29 ktrn，36哪，39岬，and 46 pan，
respectively．Before evaporating the 15．rim／300-mn Ti／Au P．

type annular contact，the surface is passivated by depositing

400-nnl Si02 to electrically insulate all the mesa sidewalls

from the P-contact．To minimize absorprion losses and resis．
tarlce series on substrate．me substrate was thinned to around

120Ⅲn．Then，the evaporation of tlle 50 rim／300 l吼Au．

GeNi／Au n．type bottom contact and a subsequent annealing

process are carried out．nus．the processing is completed．
The cleaved chips of arrays are attached to the copper

subcarriers with indium coating for electrical supply and thel'-

real dissipafion．A schematic diagram of individual VCSEL in
arrays is shown in Fig．1．nle spacing between the neighbor-

ing elements is 50 Um，which reduces the thelTnal crosstalk．

Fi舀1．(color online)Schematic cross-sectional view of the selectively
oxidized-confined top-crnitting VCSEL，where Da is the o)【ide-aperture

diameter,RL the lateral resistance，Rv and匙r are山e vertical resis．
tances of P-DBR and n-DBR．respecfively．and the differential resis．

tance of each element in VCSEL arrays is the sum of series—connected

resistancesRE，风，，and赋，．【¨，”1

3．Device measurements

The typical optical output powers and the current-voltage

(，—V)performances of 4x4 VCSEL arrays wim the apertures

of6岬，19哪，29 pan，and 39岬are presentedin Fig．2(a)，
respectively,under the pulsed operation wi也a pulse width of

50 p-s and a reDetition rate of 100 Hz at room temperature．

As the current injecrion increases，the optical omput power in．

creases to the thermal rollover point也at is induced by carder

leakage and joule heat caused by series resistance．[14，15]ne
threshold currents of the arrays exhibit 0．9l mA。15．09 mA．

50．93 mA，and 88．05 mA，respectively．Maximum optical

output powers of 16．45 mW,161．97 mW,341．03 mW,and
464。23强瓯are obtained。The slopes of l捌curves．which
represent the differential resistances，decrease with the in．

crease of oxide-aperture，owing to the reduced lateral resis．

tahoe through the oxide—aperture to the active region．L16J The
differential resistances are 6．54 Q，3．08 Q，2．73 Q，and 2．18 Q。

respectively．

Thepowerconversion efficiency ofVCSEL arrays．which

also is presented in Fig．2(a)'is calculated from

．．
％ “hv-／"ex

T7PCE 2薏2万2～qVoJm 』r

where如is the optical output power,盎is the electrical

output power,I is the driven current，V is the applied volt．

age，hv is the photon energy,q is the electronic charge，

叼e is the external differential quantum efficiency,五h is the

threshold current，Rs is the d骶renrial resistance(dV／d1)，
Vo the turn-on voltage(zero-current intercept)，and the mea·

sured value is 1．68 V The values of竹e of around 23．16％，
51．13％，56．95％，and 52．30％are calculated from订e=

[(％一a)／hv]／[(1一缸)／翻，【4】where最is the optical output
power at the threshold current．The values of MPCE are

12．33％，27．30％，22．12％，and 18．34％，respectively．The op·
tical output power,the current-voltage c，叫)curve，and power
conversion ef!ficiency of 2 x 2 VCSEL arrays with the apertures

of 6 lain，19岬，29岬，and 39岫are shown in Fig．2(b)，
respectively．Figures 2(a)and 2(b)show that，as the oxide·

aperture increases．the values of the N卵CE first increase due

to the decrease of differential resistance，and then decrease for

both 2×2 and 4x4 VCSEL arrays．

The single VCSEL emitter with a 29．．#rn oxide．．aperture
has an output power of 14．34 lnW at 30一mA bias cur=
rent from Fig．2(b)．，IMs means that the theorerically ex．

peered output power of an array of 4 or 1 6 elements bi．

ased at 4 x 30 mA=120 mA or 16×30 mA=480 mA is

4×14．34 mW=57．36 mW or 16 x 14．34 I矗W=229．44 mw：
the two values are close to the ideal values considering that

there is no heat generation inside the VCSELs．Tms result

emphasizes that there is very mild thermal crosstalk among e1．
ements and these VCSEL arrays have the potential to be scaled

024209．2
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up to achieve higher powers，so the thermal problem in our

study can be ignored．

current／mA

Current／mA

Fi晷工(color oTIliue)Plots of删cal output power,powef conversion
efficiency,and voltage in insets versus current with the values ofoxide-

aperture D-of 6 bLm，19 p．m，29叫I’and 39 lain for(a)4)(4 VC_SEL
arrays and fb)2x2 VCSEL arrays．The dash-dot lines represent the

output powers of 14．34 mW：57．30 mw-and 235．90 TnW for the sin．

gle VCSEL emitteL the 2x2 VCSELand也c 4×4 VCSEL arrays with

29·ttm oxide-apertures，at 30 mA，120 mA，and 480 mA，respectively．

4．Empirical roodel and discussion

The powerconversion efficiency ofVCSEL arrays can be

improved by enhancing the external differential quantum effi-

ciency,and reducing nle threshold Cu／Tent and吐1e differential

resistance．But山ese three limiting factors also influence and

restrict each other．As the oxide-aperture increases．也e fol—

lowing expected trend can appear：a decrease in differential

resistance。all increase in threshold current，and an increaLse iIl

external differential quantum e面cicncy．T1lerefore．the～仔CE

is affected synthetically by differential resistance，threshold

current,and extcmal differential quantum e伍ciency．To better

understand the various physical processes，it is significant to

further analyze the interaction of血e three factors．

The～口PCE is a function of extcmal differential quantum

e街ciency,threshold current,and differential resistance．and

according to d'TpaE／dI=0．【4,10,17]the analytical expression
caIl be expressed as

矗v

咖伍2丽‘qe
Vo／(t血Rs)F万司

in which Rs is t11e sum of t11e series．connected Iateral rcsis-

tance RL and the vertical resistance Rv of P-DBR which is

a funetion of印erture size Da，because the砖is the sum of
the vertical resistance ofn—DBR and iUDCtion resistance which

is small enough to be ignored when compared with Rv．The

analytical expression of the Rs can be written aS[4,13J

R。：—(RL+—Rv)：
n
睦划，④l瓦十研l⋯

where pL and pv are the lateral and vertical characteristic

resistivity,respectively,，l is the element number in the ar=

ray．The lateral resistance RE=pL／(舡)a)represents the lat-
eral and contact resistance，which derives from the current or

carrier spreading through contact，and it is inversely proper-

tional to the oxide·aperture perimeter．The vertical resistance

Rv=p、，／【疗(Da／2)2]relates to uniform vertical current flow
or carriers through the oxide-aperture。meanwhile the resis-

tance is inversely proportional to the oxide-aperture area and

its resistivity Pv essentially represents the vertical resistivi哆

of the p-DBR．【4】The analytical expressions of the external

differential quantum efficiency and the threshold current as

a function of aperture size can bc，respectively,represented
as[4，13]

仉=——竺一， (4)。忙一—(1+D—0／Da)’ o叫

地=[矾(譬)2+≥+譬蚓．n，㈣
where／0 is the characteristic spreading cun'ent，Do the char-

actedstic spreading distance，L and‰are the threshold cur-
rent density and the external differential quantum efficiency

under a uniform current distribution，respectively,which de．

pend only on the intrinsic structure of the device．

Figures 3(a)-3(c)show the experiment data extracted

from Fig．2 the differential resistance of each element in

arrays，the external differential quantum efficiency,and the

threshold current each as a function of Da．The lines in

Fig．3 show the fitting results according to Eqs．(3H5)’which
demonstrate that the differential resistance decreases硒Da in·

creases，the external differential quantum efficiency increases

as Da increases，and then reaches a saturation value．Mean．

while，the threshold current always increases qmckly as Da

increas船，due to the increase of the active volume．The char-

actcristic parameters of PL，Pv，L，Do，／0。and n。are ex-
tracted and shown in Table 1，by the numerical fitting results

according to Eqs．(3)<5)．
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Oxide aperture Da／¨m

Fig．置(color onlin曲Experimental dam and the humeftcal a砸ng curvfs

0f(a)thediffarel3dal resistance ofeachelemel3tin ar'“ys。(b)thecxter-
13al differential quantum efnciency,and fcl the threshold current versus

the oxide-aperture．The dam am the measured data and血e啪r bars
relmfesel3t the smndard deviation ofarrays．

Table 1．Ca]aflated and extracted characteristic parameters of VCSEL

arrays．

Figure 4 shows the calculated N口CE cnl-ve ofVcs既ar-
rays as a function of aperture size，according to Eq．(2)．All

ofthe simulationdataatebasedonthefitting resultsofFig．3．

The N印CE increases rapidly as the aperUxre size increases．

which is due to也e decrease of the electrical dissipation．LiBJ

and then decreases slowly after it has reached its maxilnuln，

which is attributed to the combined interaction of differen-

tial resistance．threshold current,and the external differential

quantum efficiency．According to OUI"device structure，the

maximumMpCEis27．91％atanl8．6．tanoxide-aperture．For

all aperture size ranging from 15岫to 25 pan，the N口旺
could reach 99％of the maxi,inuin value．Wi山the increase of

也eaperture size．thethresholdcurrentkeepsincreasingbutthe
differential resistance and the external differential quantum ef-

ficiency have li吡e change．which causes the value of N诤’CE

to decrease gradually to ZfrO
L”1
according to Eq．(2)．

The experimental-data,which are calculated according to

the measurement results，are also shown in Fig．4。and its be-

haviour is approximately consistent with也e calculated MCPE

cUI"Ve．The measured maxi．rliul=n values of MPCE arc 28．6％
and 27．6％with an aperture size of 16-uIn oxide-aperture for

2x2 and 4×4 VCSEL arrays．respectively．which are close

to the calculated maxi／num value．The experimental data are

slightly lowef than the numerical calculation curve，especially

for an aperture size above 25 tun．％believe出丑f出ere still
exists a slight thermal effect among the adjacent elements of

arrays which needhigh current injcction．[1a，19]

Oxide aperture Da／pm

Fig．4．(co]oronlil3e)TheMPCEVCI'SUStheoxideap口吣∞ofthecxpcr-
imental data and the 13umerical fitting aHVes of VCSEL arrays．where
the data are the measured data and the errorbars represent standard de-

viations of five arrays．

The deviation between me experimental data and the nu—

merical fitting curve increases as thc oxide-aperture augments．
In the analysis above，figures 3(a)-3(c)show the fitting curves

of the di直erential resistance，the external differential quan-

tum efficiency,and the threshold current,each as a function

of也e oxide-aperture based on Eqs．(3)_<5)，when the thermal

orosstalk problem among elements is ignored．However,for all
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actual VCSEL array device,由ere still exist$maU ell'OrS in吐1e

numerical fitting proce．sse．s of tlle differential resistance，the

ex啪al differential quantum efficiency,and幽e threshold C：Ur-
rent derived from the crosstalk problem．The deviation accu-

mulation between the experimental data and numerical fitting

Call ultimately lead to a relatively great influence on the values

of N摩旺．W油the increase of the oxide-aperture，也e devi-
ation increases because the increasingly serious crosstalk and

the larger oxide．aperture will lead tO a non-uniform injeetion

eurrlent for the annular electrode．【电20】

5．COilelusiorls

The relationship between MPCE and the oxide-aperture

of VCSEL arrays is analyzed by using all empirical model．

The MPCE increases rapidly with the oxide-aperture increase

and then decreases slowly after it has reached its maxiimlln，

which is attributed t0 the combined interaction of differential

resistance，threshold current,and external differential quanmm

efficiency．The maximum value of MPCE is 27．91％at 18．6一

um optimal oxide．aperture and Call reach 99％of the maxio

mum value in all apertttre size range from 15Ⅲn tO 25阻n．

The experimental data rnateh the theoredeal analyses well．

-nle analyses of the various oxide—apertures contributing tO the

MPCE saturation of the device Call provide a guidance for im-

proving the power conversion efficiency．
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Polarization—stable 980nm oxide—confined vertical．cavity surface-emitting lasers with 3“丑1 diaznond-shaped aper-

ture a聆fabricated by comprehensively utifizlng the anlsotropic prop豇矗船of wet etching and wet nitrogen o妇da-

tion of皿-V semiconductor materials．Pojarization—stable operation along the major axis of the diamond-shaped
oxide aperture wjth¨dB orthogonal polarization suppression ratio js 8cbjeⅥed in a temperature range ofl5-55。C

from the threshold tD 4 mA．

PACS：42．55．Px,42．25．如．42．62．Fi DOI：10．1088／0256-307X／32／4／044202

Vertical-cavity surface=emitting lasers(VCSELs)
are widely used as light sources for short distance data

communication due to thdr attractive properties，such

as hi：gh speed，low power consumption，low-cost硇踏
ufacturing．bigh-emciency two-dimensional arrays．11J

Recently,modulation bandwidth of 29 GHz was re=

ported by the photon-photon resonance for 980 nin
oxide confined VCSELs．12J In 8 conventional VCSEL．

degenerated transverse polarization modes can cause

mode=partition noise in an optical communication sys-
tom due to polarization switching．例For a VCSEL
grown on a(100)．oriented substrate，the output beam
will polarize along the[0111 or the【01i1 crystal axis
due to the electro-optic effect．[4J The Polarization for
most VCSELs、changing with the current injection
and temperature as a result of the changing telative

position between gain peak and cavity mode，is inher-

ently unstable due to the symmetric gain structure．[5J

Many new apphcations，such as atomic clock．opti-
cal mouse，and optical sensing，require stable polar-
ization of VCSELs to obtain low relative intensity

noise．【6J For instance．a new generation polarization-
stable optical mice solves the unwanted movement of

the mouse cursor on the computer screen due to po-

larization switching．【7]

Recently,polarization-stable VCSELs have been

demonstrated．By introducing anisotropic gain or car-

ity structure，the polarization-switching could be con-

trolled．Ebeling's group demonstrated Polarization-
stable VCSELs with 3山1l_diameter elliptic oxide ape,r-
ture operation，which resulted from anisotropy current

injection and scattering loss induced by a small ellipti-
cal oxide aperture．tSl The orthogonal polarization sup-

pression ratio(OPSR)reaches 20 dB．By introducing

the asymmettic distribution of photonic crystal struc-

ture oil top DBR of the VCSEL8．stable Polarization

could be obtained with 0PSR of 20 dB．The thresh-

old current increases to 5 raA due to the introduction

of photonic crystal．19]The surface grating on the sur-

face of the VCSELs was proved to control the polar-

ization effectively by the anisotropic mirror loss．【“J

The combination of a flirtface grating and毫n annular

surface relief in an extra topmost anti-phase layer re=
sults in a Polarization-stable laser emission．The 0P．

SRs of 20(UB for VCSELs with 5 um active diameter
were achieved．【l王』The property of larger angular de=

pendence of reflectivity of high contrast grating could

discriminate polarization with the OPSR of 20 dB．【1¨J

However，for the technique of surface microstructure
to control the polarization，the threshold current more

or less increases due to the extra mirror loss．

In this Letter．we present polarization-stabk

oxide=confined VCSELs with 3 Llm diamond-shaped
aperture，comprehensively utilizing the anisotropic

properties of traditional wet etching and wet nitrogen

oxidation processes，which are low-cost and feasible to

fabricate．The emitted light is polarized aiong the ma-

jor axis of the diamond．shaped aperr．ure with OPSR

ofll(1Bfroml5ccto 55℃duetotheinduction ofthe

asymmetric gain．
The epitaxial structure was grown on a(100)

G乱As substrate misoriented by 2。toward the(111)

plane． ne active region of three GaAso．92Po．08
(6 nm)／Ga0．salno．17As(4 nIn)quantum wells，with
a photoluminescenee peak at 971nm，WBS sand-

wiched between a top p-doped and a bottom n-

doped distributed Bragg reflector fDBRs)，which con-
sists of她．sGao．1As／A10．12Ga．o．8sAs layers．A 30nm
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Alo．98Gao．02As oxidation layer was positioned just un-

der the top DBR，serving as current-and opticall·

confinement mechanism．A 5 nm P+一GaAs ohmic con-

tact 1ayer was placed on the top of the epitaxial wafer．
The anisotropic wet etching can be illustrated by

a diagram of the GaAs crystal structure：as shown in

Fig．1(a)，demonstrating As and Ga(111)planes and
their relationship with【01 1】and【01i]crystallographic
orientation．The(011)plane was just the cleavage face

of the GaAs material，which could be easily distin．

guished during the device fabrication．The As(111)

planes were more chemically reactive compared with
Ga(111)planes，resulting in the wet etching rate

behavior，such as As(111》Ga(111)．【13j Then，the
etching rate along the【ol i]crystallographic orienta·
tion was faster than that址ong the 1011l crystallo-
graphic orientation．The anisotropic elliptical mesa

was obtalned by using a symmetric circular mask with

64 um in diameter after wet etching in the solution
of CH30H：H3P04：H202：H20=l：3：1：5 for 6 min at 0cC
with the etch depth of about 4 LLm fbr exposure of the

Alo．9sGa0．02As oxidation layer．The major and 111i-

nor axes of the elliptical mesa were 58 pm along 01 1

and 54灶m along[01i】crystallographic orientation，re-
spectively,as shown in Fig．1(b)．The size difierence of

6-10 um between the etched mesa and the mask was
caused by the undercut of the wet etching．

Fig．1．(a)A diagram of the GaAs crystal structure，(b)
Microscope photo of the etched mesa after wet etching。
with the major and minor axes of 58 Llm and 54 pm，re-
spectively．fc】Microscope photo of the etched mesa after

wet nitrogen oxidation．with the major and minor axes of

the oxide apertures of 3 pm and 2 um．respectively．

The wet nitrogen oxidation process is also de。

pendent on the crystallographic orientation． For

high Al-content layers(>0．94)，a slight crystallo-
graphic oxidation dependence of wet nitrogen oxida-

tion was observed from circular mesa．L14j The oxida-

tion rate along the【001】crystallographic orientation
was slightly faster than that along the【01 1】crys·
tallographic orientation．which is consistent with the
lower surface reactivity of{01 11 planes than that of

{001}in GaAs．Furthermore．due to the fact that
the substrate was misoriented by 2。toward the(11 1)

plane，the oxidation rate of【01 1】crystallographic ori-
entation was slightly larger than【01i]crystallographic
orientation．【l 5]which enhances the anisotropy of the
wet nitrogen oxidation process．

A microscopic photo of the oxide aperture is shoⅥm

in Fig．1 fc)，which was obtained after 33 min wet ni—

trogen oxidation process with a furnace temperature
of 4000C and a vapor temperature of 850C．The color-

ful re百on was formed by the oxidized A10．98Gao．02As

layer．which had a higher oxidation speed due to

higher Al content．The center gray region was the

unoxidized A10．98Ga0．02As materi出serving as the cur-

rent injection aperture，with major and minor axes of
3址m and 2 um．respectively．The measured inner an．

gles of the oxide aperture were 1 12。and 68。。respec-

tively．and the four equal sides were calculated to be
about 1．8 um。which was a typical diamond shape．It

has been reported that the circular mesa by isotropic

dry etching can change to a square aperture after wet

nitrogen oxidation．11到However．in our experiment．

the final aperture shape changes to a diamond shape：

which is caused by the original elliptical mesa before

the wet nitrogen oxidation．In this experiment，two

sizes of VCSEL aDerture were fabricated for compax-
ison under the same process，with major and minor
axis sizes of 4“m and 3“m：3 Um and 2雎m：respec-
tively，which are briefly called 4“m and 3“m aperture

devices．

After the 450 nm Si02 passivation layer was

deposited by PECVD．15 nm／300 nm Ti／Au and
50 nm／300 nIn AuGeNi／Au metal systems were sput-
tered as the top and bottom electrodes，respectively，
with a rapid thermal annealing process for 35 s at

400。C．The on．chip optical and electrical characteris-

tics were measured under continuous．wave conditions

at room temperature

Current(mA)

7．5

6．O

>
、一

4．5 o
∞

皇
百

3 0>

1．5

Fig．2．Measured．P—J—y curves of the 4斗m and 3斗m
aperture devices under a continuous-wave drive current at

room temperature．

The measured output optical power and voltage
versus continuous·-wave current injection at room tem--

perature for 4 um and 3 um aperture devices are shown

in Fig．2．The threshold current．slope efficiency and

maximum output optical power of the 4 um aperture
device are 0．2 mA．0．15mW／mA and 0．8 n1W at about
7．1 mA．respectively．While for the 3 LLm aperture de．
vice．the threshold current is 0．15 mA and the slope
e母ciency reduces to 0．13 mW／mA．The threshold cur．
rent is lower than that of VCSEL with 3 um circular

044202．2
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aperture．116
l。J The maximum output optical power of

0．45 mW is obtained at 5 mA．which is limited by the

heating．

Figure 3 shows the measured optical spectra of the

3 um aperture device under a continuous·wave cur-

rent injection from 1 mA to 5 mA．The corresponding

peak wavelengths are 970．4 nm，971．2 nm，972．2 nm．

973．2 nm and 974．4 nm．respectively．which shift with

current injection to the red direction with the average
rate of 0．8 nm／mA．The full widths of half maximum

(FWHM)ofthe spectra at 1mAand 2mAare 0．6nm，
while for the other three they are 0．8 nm，which are

caused by the large current injection and heat genera-
tion in the cavity．The inset of Fig．3 shows the optical

spectra of 4 um aperture device under the continuous．

wave current injection from 2 mA to 6 mA．The cor-

responding peak wavetengths are 970．4rim，971．8 nm，

and 974．0 nm，respectively．It is clearly seen that there
are small peaks existing in the cavity．

Wavelength(nm)

Fig．3．The measured optical spectra of 3 um aperture
device at room temperature with current injection from

1mAto 5mAinstepsoflmA．Theinset showstheoptical

spectra of 4 um aperture device，with the current injection
from 2mA to 6mA in steps of 2mA．

Polarization-resolved relative optical output power

as a function of current injection for the 3 um aperture

device is shown in Fig．4．It can be seen from Fig．4

that the light emission polarized along the major axis．

i．e．，【01 1】crystallographic orientation，exhibits typical
laser P—I—V performances．The threshold current is
0．1 5 mA at a temperature of 250C．which is the same

as the data measured without a splitter．However，the
insertion 10ss caused by inserting the polarized beam

splitter．which is used to resolve the polarized li【ght．
between the laser and the detector causes the output
optical power to decrease to 0．27 nlw at a temperature
of 25。C．The output optical power declines with the

environment temperature due to the increased carrier

1eal=cage and decreased gain．0n the contrary,the opti-
cal output power along the short axis，i⋯e【oli】crys-
tallographic orientation，is suppressed without typical

lasing property demonstration．All of the OPSRs that

are used to analyze．the polarization control ability of
device are over 11 dB from the threshold to 4 mA from

15℃to 550C．The decrease of OPSR when the current

injection over 4mA for the curves of 150c and 25℃is

attributed to the slight stimulation radiation for the

polarization along【oli】crystallographic orientation．

Compared with the polarization control ability of a

symmetric oxide aperture obtained by isotropic induc-

tively coupled plasma etching which indicates sym-
metric gain，the two polarization states switch alter-
natively with the current iniection．as shown in the
inset ofFig．4．

Current(mA)

∞
勺
、一

配
∽
山

o

Fi卫．4．Polarization-resolved．P．o curves of the 3“m aper．
ture device at the temperature from 15。C to 550C in steps
of IOc=IC．The inse乞shows the polarization-resolved P—f

curve of a VCSEL at room temperature with symmetric
oxide aperture，which is obtained by inductively coupled

plasma etching instead of wet etching．The two polariza-
tion modes switch with the current injection．

Current(mA)

Fig．5． (a)Schematic diagram of the diamond-shaped
oxide aperture，unequal loss is induced by the oscillating
electric dipoles on the inner vertical walls of oxide aper-

ture．(b)Polarization-resolved P．-，curves of the 4 pm
diamond·shaped aperture device at room temperature．

The dominant reason that the Polarization direc．
tion of the light emission is pinned by the asymmetric
oxide aperture is interpreted by the unequal seatter-

ing loss between the two orthogonal Polarizations of

the same cavity eigenmodes．【1
8J The electric dipoles on

the inner vertical walls of the oxide aperture consume

the electromagnetic energy by a polarization process．
The induced surface polarized charges generated by

the electric field radiation normal to the aperture rim

are illustrated as symbols+and一．as shown in Fig．5．
Due to the fact that the induced charge is propor．
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tiond to the normal to the sllI‘face electric矗eld．the

ma虐面tude of the induced oscma缸ng dipole depends
on the electric丑eld． Since the quanti毋of induced

charge is proportional to the normal surface dectric

丘eld iIlterlsitu the magnitude of the induced osciUat^

ing dipole depends on the electric矗eld intensit矿The

induced charges are weaI【er for the electric矗eld ori^

ented along the ma{or axis than those along theⅡli．

nor axis due to the radial decaⅣof the electric inten．

sity E(r)．since the surface-normal field Efr=n)is

smaller thaJl Ep=b)．Here，E(r)decays e)【ponen-
ti札ly 8s∞中(一一／叫2)with叫bdng the mode waist．

Tkls，the induced dipole moment fbr the polariza．

tion出ong the maior a西s is a王so sma_ller than that

fbr the poLariza土ion 8long the minor axis．Due to the

白ct that 8catting loss既scal既蹯乇he iⅡduced dipole

moment 8quared domin8土e the total ca们ty los8es fbr

aperture siz鹤a弛comp缸able to the mode waist，[19：20】

the di丘erence in scattering 10sses is su伍cient to睁
lect the mode．The lowest lo黯Doladza土ion is orien“ed

along the major 8xis for the pol撕za土ioⅡdiBcriInina，
tion．The OPSR c曲be further increased by extending
the axis di丘-erence of the oodde ajDerture due七o the fhr-

ther increase of the sca土tering loss polarized along the

short axis．Thi8 can be adhieved by forming the size

dif弛rence in the ma{or and minor 8．)【is direc廿oⅡs when

mesa etchinz．It 8ho咀ld be pointed ou七that exten出ng

the axis di疗宅rence of the oxide a口erture may canse the

output be锄d州8tion f}om circulaf distribution．In
the case of VCSELs coupling with single-mode fibers，

the coupl王n譬emciency wjll be decreased．

Fizure 5(b)shaws the poladza七ion．resolved output

optical po慨他r versus the current iniection fbr the 4“m

aperture deⅥce at room teⅡ1pera七ure．Compared with

the 3 um aperture device，the eInission of the 4um

a口erture de订ce polarized alon只both the 1011l and

【01l】cryst“ogr印缸c orientatiolls饯hjbit8 stimulated
radiation．The 0PSR decreases auicHv from 9．3(1B to

5．4 dB as the current i11jection increases from 1 mA to

5 mA due to the thermal roUcIver of the eⅡdssion along

【011】cry8taJlographic orientation．The 3 pm印erture
de、，ice研th the major and minor axis ratio of 1．5 has
a 1缸ger 0PSR than that of the 4¨m aperture de啊ce

with an a)cis ratio of 1．3，which agrees with the a：b0、他

theoretical prediction．

In summan-D01a西za七ion．stable 980 nm oxide con．

缸ed VCSELs with 3 LLm出amond-shaped取试e ape卜

ture，whi c：h are obtajned by comprehensi、，elv usinz

the砌sotro口ic properties of the traditjonal wet eboh-
ing and wet nitrogen嘲dation processes，8re deInon．
8tra土ed with a threshold cllrrent of 0．15 mA and a

maXiⅡ]【um optical output pdwer of 0．45 njW under

continuous．Wave current iniection．The OPSR is 0ver

ll dB in the temperature range from 15℃to 55℃．

The re龇ioⅡs11ip of OPSR耐th the major and millor
axis ratio is discu8sed．
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Physics of Si based Avalanche Detectors

With Built·-In Self-Quenching and

Self-Recovering Capabilities

ACP 201400SA 2014

Chong Li．Xia Guo。Yunfei Ma
Photonic Research Lab,Be#f：ng University ofTechnology,Beifing 100124,China

Abstract：A silicon based single photon avalanche detector with a transient carrier buffer layer
was designed．The buffer layer as a11 energy barrier tentatively stops avalanche-generated carriers．

The device demonstrates sel二quenching and self-recovering capabilities．
oCIS codes：040．1345．040．5160，

Single photon avalanche detectors(SPADs)have attracted increasing attention because oftheir critical roles in many

important applications such as quantum cryptographyo“，optical time-domain reflectometry
tzJ
3-D imaging，time·

resolved spectroscopy。non-line-of-sight optical communication．space communication and 1ight detection and

ranging t5J,tqJ Of all SPADs，silicon SPADS have demonstrated superior performance with high detection efficiency．
10wdark count rate and reduced after pulsing effect．
In t11is paper．a novel structure of silicon based with self-quenching and self-recovering Was designed．The device
with a small multiplication region and a bulk absorption region iS proposed．shown in fig．1．nle photon．generated
carriers were emerged in a 1arge bulk absorption region undemeath a small pillar．built on an P．type substrate．The
pillar，10cated at the device’S upper center，contains a p十-type multiplication region and a n十．type capping 1ayer．
Besides，an n-type 1ayer was inserted between p十|layer and p-layer，forming a potential well to stop avanlance．
generated carriers instead ofthe complicated fcedback circuit．shown in fig．2．

△

《a)

玲)

Figure J Schematic cross-sectional view ofthe reported Si—basedAPD
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Figure 2 the energy band and electricfield ofthe device at【Q)OV and(b)·18K
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Figure 3 shows the I-Vcharacteristic curves without illuminationfor differentphosphorus implantation dose．The

insertedfigure is the relation between比印and valence band energy．
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Figure 4 shows the change rules off而孥recoery time andgain with the 6a口7驴e，height似E一

10适

《

§10哥
3

o

Transient ume ls)

Figure 5 the simulation output by silvaco o／the device with o light pu『5e input and the outse peMod 15 20ns．
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Research of high performance Ge／Si avalanche photodiodes
for single-·photon detection

Chong Li“，Chunlai Xue”，Xia Gno”．Zhi Liu
2J

1)Photonic Research Lab，Beijing University ofTechnology,Beging 100124,China
到State Key Laboratory on Integrated Optoelectronics,Institute ofSemiconductors,Chinese Academy ofSciences,BeUing 100083，China
Abstraet：A separate-absorption·charge-multiplication Ge／Si avalanche photodiode was designed．
The devices have high dark current at lOW reverse bias．because of surface impufity and rough
sidewall．A guard-ring structure and in·situ doping was introduced to decrease 1eakage·current．
ocIS codes：040．1345．040．5160，

1．IntrOductiOn

Single-photon avalanche diodes(SPADs)with hi曲responsivity and low dark-current over the visible and near
infrared range carl be widely used in imaging，telecommunication,and medical detections．Applications for high
detection efficiency SPADs in也e near inflated range(1．O一1．69m)include quantum key distribution，3-D imaging，
time-resolved spectroscopy，several imaging techniques based on near infrared sources，etc．Because of lattice

mismatch between Si and III·V compounds，a fundamental incompatibility with standard CMOS process iS common
for all of these technologies．and thus they canl'lot be mentioned as low-cost photon counters and large photon．
counting pixel arrays．Ge-based photo-detectors on Si or silicon-on-insulator(SOI)have attracted much attention．
because ofhigh absorption at 1．1^一1．6／．tm for germanium『11．
2．Fabrjcation

勰露绥
Si02 (2岬)

Si substrate

Figure 2 Schematic cross-sectional view ofthe reported Ge--on．-Si SACMAPD

一，I_芒oJ，罅￡o_《-co葛-坩．I_c∞u蚺cou
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In this Paper，an SOI substrate谢也2．0-gm·thick buried oxide and a highly phosphorus doped Si were chosen to
reduce radio-frequency losses．Intrinsic silicon WaS deposited on the top n+．Si(001、layer ofthe S01 wafers using

silicane(SiH4)by cold wall ultrahigh vacuum chemical vapor deposition(uI-IV．CVD)．Then，the wafer was

implanted with BF”ions on the top of Si film to form the charge layer．In order to minimize the dislocation density
of the heterogeneous region，the hereto-epitaxy of 50·nm-thick Ge on Si was initiated at 290 4C．After the low．

temperature Ge bu盘．er deposition．the substrate temperature was elevated to 600。C and Ge was deposited on the
buffer layer[2，3]．The wafer was implanted with BF2+ions on the top of Ge film and went through a rapid．
thermal-annealing(RTA)process．The doping concentration distribution for the wafer WaS measured by SIMS．
shown in Figure 1．NOrmal-incidence Ge／Si SACM-APDs are realized aS a double．mesa structure．which are

Figure 3 lo)Measured reverse current-voltage characteristics with several incident opticalpowers at 1550 nmfor a
50urn-diameter detector and㈣the responsivi钞via reversedbias voltages，respectively．

Figure 3(a)shows reverse current-voltage characteristics of a typical 509m-diameter device诚th different incident

optical powers at 1550rim and the respective gains are shown in Figure 3(b)．The huge noise of the device has a
strong impact on the improvement ofthe gain characteristic ofthe APD．

Figure 4 lo)A SEM image ofthe CROSS—section drawn ofthe square dot on the surface ofthe sample and嘞the sEM
image ofthe sidewall aCer ion etching．

Figure 4(a)iS a SEM image of the cross-section drawn of the square dot on the device surface．We concluded也at。
the square dots are inherent for silicon and germanium epitaxial layer because ofthe surface impurity．These square
pits insert locaI electric field，limit the horizontal transport of the carriers，and increase the leakage current and odds
of breakdown and failure for the devices．Therefore。in-situ doping will be used to form the charge layer．instead of
ion implanting．The whole epitaxy process could fimsh in the vacuum growth cavity of UHV．CAD without second

impurity pollution．The high roughness of Ge·layer sidewall also increase the leakage current，shown in fig 4(b)．
Therefore，the guard．ring structure will be used tO decline the electric field around the sidewall and decrease the
sidewall leakage current．
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High-responsivity and high．-saturation．．current Si／Ge uni-．traveling-
Carrler DhOtOdetector

Chong Li*k o’ChunLai Xue。，Zhi Liu6。Hui Congb。Xia Guoa,and Buwen Chengb

4Photonic Device Research Laboratory．Institute of Electronic Information and Control Engineering,

Beijing University ofTechnology,Beijing 100124，China；oState Key Laboratory on Integrated
Optoelectronics，Institute of Semiconductors，Chinese Academy of Sciences，Beijing 100083，China

A Oe-on-SOI uni-traveling carrier(UTC)photodetector was reported for high-power hi曲-speed applications．The
performances,in terms of dark-current，photocurrem responsivity and 3-dB bandwidth,were characterized for analog
and coherem communications applications．The responsivity was O．18 A／W at 1550 nm．The detector with a 401am-
di锄eter demonstrated an optical bandwidth of 2．72 GI-Iz at-5V for 1550nm．The-ldB compression photocurrem at 1
GHz under-7V for 40pro-diameter device wasabout 16．24mA．the RF output power came to be 4．6 dBmw．

Keywords：Optical telecommunication,germanium，saturation，photodetector

1．INTRoDUCTl0N

High-current photodiodes，receiving communication signal in near-infrared range，have great benefit to vadous photonic
systems,because high-power output could inereases the dynamic range．reduce the IOSS and noise figure in e)(temally
modulated 1inksll≯p1 and sirnpli母the hi曲-bit-rate digital receiversl4j‘Thc output radio frequency signal level from the
photodetector possibly increases with the output photocurrent,which is particularly important for the optically steered

phased array antennas．Any inerease in photodetector output signal level could reduce the necessary phase·and

amplitude-matched electronic gain at each antenna element．Generally，photodetector outglut power is limited by the
voltage drop and swing，space．charge effect and廿Iermal effect．nle uni-traveling-carrier(UTCl photodiode was

designed to overc⋯ome the space-charge effect ofp-i-n devices by using a graded P-type doping absorption layer instead

of intrinsic layer pJ．The InGaAs／InP materials were dorainant in the UTC photodetector field because of their excellent

optoelectronic properties Lo,7,B,gJ．However，the silicon-based germanium devices have better thermal conduction than

InOaAs／InP devices．This is because the thermal conductivity of germanium is 1l times higher than the InGaAs when

used as the absorption matedal in infrared communication wavelengths，and the silicon substrate。has a higher thermal

conductivity than InP Lml．Moreover,the silicon-based Ge devices have compatibility with Si complementary metal-

oxide semiconductor(CMOS)and could integrate e】eclronic circuits or systems on a chip at low cost．Therefore，the
Si／Ge UTC photodetector should be an excellent eandidate in high．power output receiver syaemsLll'“J．

In this paper．the Si／Ge UTC photodeteetom were designed．fabricared and measured．The direet current and-radio
frequency characteristics of this S讪Ge UTC device were systematically discussed．The responsivity was 0．18A，W at

1550nm．a little 10wer than the theoretical value 0．22枷．which was calculated by Scattering Matrix Methods(SMM)．
The-ldB comoression current was 16．24mA．at 1 GHz under．7V bias for 40txm．diameter device．which was simil龃

with the predicted value by the voltage dmp and swing,the space charge effcct and thermal heating ef托ct．

2．Ⅳ队TERIAL GRoWTH AND DEⅥCE FABRICATloN

The structure ofthe UTC Si／Ge photodetector is shown in Fig．1(a】．Si intrinsic丘Im and p-doping Ge were successively

grown by cold·-wall ultra--high vacuum chemical vapor deposition(UHV-CVD)on n-type heavy doped silicon·on-

insulator(SOI)substrate．The SOI substrate was first cleaned by an ex sire impmved wet-chemical cleaning recipe，
10aded into a pretreatment chamber，and then degassed at 300。C．Afterwards。the substrate was heated up to 920。C for

5 rain in the growth chamber under a background pressure 10wer than 5×104 Pa to deoxidize．A 380 nm thick Si layer
was further grown at 750。C using pure Si2H6．ARer a short growth interruption to change growth temperature to 290 oC，
a 60 nm thick Ge buffer layer was grown，followed by a 600 nm gradiem boron doped Ge layer grown at 600。C using

pure GeH4 and diluted B2H6．The thickness of Gc layer was 0．6 ttm．The concentration of boron atoms in Ge film was
controlied by the flow ofthe gas source precisely．

+lichong@bjut．edu．cn；
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Silicon

(b)

Figure 1(a)Schematic cross-sectional view of the reported Ge-on-SOl UTC photodetector；(b)Top view of adouble．mesa
structure ofthe Ge-on-SOI uni-a'aveling-carrier photodetector．

Circular mesas of Ge layer for normal incidence Si／Ge UTC photodiodes ranging from 20 to 40啪diameter were
defined by standard photolithography and inductively coupled plasma(ICP)etching．The second mesa was etched to the
2 Um thick buried oxide layer．The double mesa layout significantly reduced the parasitic capacitance．Top and bottom
contacts were lithographically defined on evaporated Ti／A1 and a rapid·thermal-annealing(RTA)process WaS followed
for the impurity activation．A passivation／antireflection coating WaS deposited by plasma enhanced chemical VaDor
deposition．Windows for the metal contacts were opened by C4F8 ICP etching．The metal pad WaS evaporated and lifled
off．The micrograph of a photodetector with a 40-diameter top mesa iS shown in Fig．1 fb)．

3．DIRECT CURRENT(DC)CHARACTERISTICS

The direct current characterizations ofthe photodetector include its dark-current and photocurrent responsivity．The dark

current-voltage characteristic ofthe device WaS measured by an Agilent B1500A semiconductor parameter analyzer on a
probe station without any illumination at room temperature．Moreover,the optical current-voltage characteristic of the
device was obtained with a laSer radiation at the wavelength 1 550 am and the power 1．2 mW．
3．1 Dark-current Characteristic

l／Diameter(岬1J

Figure 2(a)The dark-current·voltage characteristics of Si／Ge UTC photodetectors with different sizes．Co)Dark current
density‰动versus 1／D at 1-V reverse bias，where Dis the device mesa diameter．
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The dark current as a function of the applied bias voltage was measured for different mesa photodetectors．Fig．2 shOWS

the dark-current-voltage characteristics of the photodiodes with various mesa diameters at room temperature．For也e

photodiodes with a diameter of 15／am．the dark current is 58 nA at a reverse bias of】U corresponding to a current
density of96．3 mAJcm。．For a 30-gm·diameter device．the dark current density was about 61．9 mA／cm。at—l V．

Fig．2 shows the total dark current density(JToral)versus l／d,where d is the device mesa dimeter．For the photodetector
operating at 1-V reverse bias，the bulk dark current densi付(JbI。10 is shown to be 42．9 nlA／cm。．The bulk dark current in a

Ge photodetector has been proven to scale linearly with threading dislocation density NTDD．Insertitl2 a silicon film
betWeeD germanium epitaxial】ayer and silicon substrate could抽crease the threading dislocation density around Si／Ge
interface[71 and dark CUlTent bulk density．The dark current density can be reduced by appropriate thermal process

L13
J．

3．2 Photocurrent Charaeteristie
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Figure 3 The schematic ID diagram of the multilayer structure．The light is typically incident in air．In each layer,the field

c龃be defined completely by two cross-propagating waves with amplitudes E Land ER．The superscripts R and Lpoint to
the Waves traveling to the right and letl,respectively．

The main optical features of photodetector are the responsivity(励and quantum e伍ciency(叩)．The ratio of light
absorbed in the active region to the total incident light．assuming that all of the carriers generated by the absorption

contribute to the photocurrent，indicate its absorpfion ability of optical power．The”are deduced from the

electromagnetic(EMl field inside the device．which can be solved by applying Maxwell’s equations with the appropriate
boundary conditions L1⋯．In this Paper，matrix teehniques were used to calculate the reflectance and quantum efficiency，

such as propagator matrix and transfer matrix methods．which are implicitly iterative and derive from the same basic EM

principles as the recursive formulation．In the maU-ix method’nle processed object is the 10cal 6eld，which is a sum of

two cross-propagating waves．The elementary notion in matrix methods is to propagate the wave amplitudes at the input
by a proper combination of 2x2 matrices．The information contained by the matrix depends on the formulation of the
particular method，but nevertheless is derived from optical constants，wavelength，and polarization ofthe incident light．

In the perspective of Scattering Matrix Methods(SMM)，the building blocks ofthe structure are the propagation element

(the 1ayers where the waves propagate freely)and the interfaee element(where the boundary conditions applyl．As
shoWTI in Figure 3．at everN point the field is a SLIm oftWO counter propagating waves．

F(x，z)=E膏已砘‘七。，。’七。z引e一。七。z。+E三e圳‘七。·。+七。；引吕r七∥ (1)

Each element transforms the values of the wave amplitudes at its inputs into new values at its outputs．This operation is
represented by matrices whoseelements are determined by dielectric properties and boundary conditions：

矧嚣 ％s,2黼1
re2

When the detectors are illuminated at normal incidence，the transfer matrix of single layer is
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The physical cascade ofthe layers and the interfaces translate into a cascade oftheir matrices combined by simple matrix

multiplication in the right order，whic⋯h in turn yields the overall scattering matrix．The reflection(R)and transmission(T)
of overall layers can be expressed as L”o：

R=

12

垒I．7_：
S：：I’

行^，CO S0Ⅳ

以1
CO S 01

Table 1．the parameters ofeach material layer for detector

(4)

According to the SMM，the reflection(R)for these five layers Was 0．50 and the transmission(乃Was O．32．Therefore，the
quantum efficiency(r／，r／=l·R·7)was O．1 8，and the theoretical responsivity for the Si／Ge UTC photodetector was
0．22A／W．

Voltage(A)

Figure 4 The current-voltage characteristics of the device without illumination and谢t11 laser radiation wi也input optical
power of 1．3mW at 1 550rim for the 40pm-diameter-device．The saturation of the optical responsivity values already at 0-V
bias reveals that this photodetector configuration allows a complete photo-generated carrier collection without bias．and leit,

respectively．

The optical responsivity Was measured by a setup，which consists of a semiconductor analyzer，a probe station and a

special 1aser with a wavelength 0f 1 550 rim．Light is coupled into the detector perpendicular to the surface with a single
mode fiber probe．The DC responsiviry was measured with a monochromatic 1ight source at the wavelength of 1550 nrn

and power of 1．3mW。Fig．3 shows the current ofthe device without the light and with the 1ight normal incidence on the

top surface．At a reverses bias Of 1V．the optical responsivity was 0．18～W at 1550nm．The quantum e蚯ciency was
14．5％．The optical current at the zero bias indicares that this photodetector allows a complete photo．generated carrier
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collection even without any bias．The mismatch between dark and optical current at 0．7V～0．3V resulted from diffusion

and collection ofthe photo-generated carrier because ofthe gradient doped ofB and P atoms in actually epitaxial layers．

4．TⅡE SATI『]RATION

The device saturation current iS obtained using a large signal measurement shown in Fig．5．A heterodyne technique with

two free．running lasers at 1550nm WaS used and a modulation index was f．mally obtalned．A 100％modulation depth

tone was fixed to l毗for the measurement of 40／um．diameter device whose 3·dB bandwidth was 2．7 G也and the
results are plotted in Fig．5．The fabricated devices show high saturation photocurrents．For 409m-dameter-device，-1 dB

compression current was measured 10．4，13．7，16．24 mA at．5V，-6V and．7V reverse-bias，respectively．There are three

main effects limiting the photocurrent saturation of the devices．

0’ptical Current(mA)

Figure 5 Large signal-ldB compression photocurrent measurement at 1GHz for the 40Bin-dameter Si／Ge UTC-PDswith a

3．dB bandwidth of2，7GHz．

5． CoNCLUSIoNS

In conclusion．the high．quality gradient doped germanium and intrinsic silicon materials were grown on top of silicon

layer of the SOI substrate by the cold．wall ultrahigh vacuum chemical Vapor deposition(1 7HV·CVD)．Hi曲saturation
Ge．on．SOI UTC photodetectors with difrerent mesa diameters were fabricated by Si CMOS-compatible technology．The
device performance was characterized by the dark．current，photocurrent responsivity，3-dB bandwidth and 1 dB

compression current in the near IR range．This kind of photodetector had responsivity 0．1 8 A／W at the wavelength 1．55

Ixm，which has a good match with predicted Value by SMM，and a dark current density 61．9 mAfcm。at the reverse bias

1V．And 3-dB bandwidth was 2．7GHz for 40 gm diameter at．5V bias voltage，which is limited by the transit-time of
electrons in the absorber．Therefore．the optimization of the graded doping profile iS imperative for increasing the

response speed of the UTC photodetectors．The 1 dB compression current Of 40 gm-diameter device WaS 1 6。24mA at-7V，
which approached to the predicted Value by the three maln effects ofthe photocurrent saturation．
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