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Abstract 

The size-dependent and lamination-dependent I-V curves of nano-multiplication-region avalanche photodiode (NAPD) 
were measured with the sized of 100nm, 200nm, 1µm, and 10µm. The gain increases with the decrease of the 
multiplication-region size and illumination power. These data indicate the NAPD possesses the advantages of high gain 
and high sensitivity. Negative gain was also found in this experiment.  
 
Key words: APD, negative gain, high-gain, high-sensitivity 
 

 
Introduction 

High-performance silicon single-photon avalanche photodiodes (APDs), also called Geiger mode APDs, working in the 
wavelength λ<1100 nm due to the bandgap of Si have been available for years. Recently, photodetectors based on 
AlGaN or SiC realized in the solar-blind operation. However, in order to compete with the existing photomultiplier tube 
(PMT) effectively, the performance of APDs still has to improve. For applications, PMTs, which require high voltage 
and large room, have limitations. Compared with semiconductor APDs, they are applied in quantum cryptography, time-
resolve spectroscopy, and missile detection, recently.  
 
In this paper, nano-multiplication-region avalanche photodiodes (NAPD) were proposed, which possessed advantages of 
high gain and high sensitivity. The dark and illuminated I-V curves of NAPDs with four multiplication-region (MR) 
diameters were measured. The photocurrent gain of NAPDs increases with the decrease of MR diameters, as well as 
illumination power, which proves the potential for the advantages of NAPDs. The negative differential gain was also 
observed in this study. 
 

Experimental 
Fig. 1 shows the schematic structure of Si-based NAPD. It is basically composed of a bulk absorption region and a nano-
size MR, which is defined by inductively coupled plasma etching after E-beam lithography. The diameters of these nano-
size MRs in this study are 100 nm, 200 nm, 1 µm and 10 µm, respectively, with the height of about 1 µm. The actual 
implantation density and the depth from the top surface for the p-type charge layer and the n++-type electron collection 
layer are about 1×1013 cm-3, 0.5µm and 1×1018 cm-3, 0.1µm, respectively. The surface of the etched nano-size MR was 
then passivated by putting the sample to thermal oxidation furnace to reduce the carrier loss and scattering.  
 
To avoid current heating, pulse mode (on time 0.5ms with occupation ratio of 0.25‰) was applied to characterize the I-V 
behavior for these NAPDs both at room temperature (RT) and 77K. The temperature coefficients α of breakdown voltage 
VB, which depends strongly on temperature, are 3.24 mV/K, 3.24 mV/K, 3.7 mV/K, and 4.17 mV/K for the MR 
diameters of 100 nm, 200 nm, 1 µm and 10 µm, respectively. The close distribution of α proves that the current heating 
is not important and will not be considered in this study. 488nm laser light was used as illumination source for the 
NAPDs which was radiating on a single device after some reflective mirrors and lens. After calculation, the illumination 
powers used in this experiment were about 6 µW, 20 µW, 60 µW, 100 µW, 160 µW and 200 µW, respectively. Keithley 
4200 was used for measuring current-voltage (I-V) curves.  
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Fig. 1 the designed structure of NAPDs, which is basically composed of a bulk absorption region and a nano-size multiplication-
region. The thermal oxide layer was used to reduce carrier loss and scatter at the etched surface.  
        

 
Results and Discussion 

All the I-V curves showed typical avalanche processes. When the applied voltage is above the breakdown voltage, BV , 
the current increases sharply. The measured VB

’s increased from 7.8V to 9.3V with decreasing the MR diameter. Fig 2 (a) 
showed the dark I-V curves at room temperature for the NAPDs with the MR sizes of 100 nm, 200 nm, 1 µm, and 10 µm, 
respectively. Fig. 2 (b) shows a group of I-V curves under the illumination powers of 6 µW, 20 µW, 60 µW, 100 µW, 
160 µW and 200 µW, respectively, for the multiplication-region size of 100nm NAPD at room 
temperature. B

'
B VIRV += , where R is the series resistance in the device and measurement circuit, and BV ’ is the 

measured breakdown voltage, which depends strictly on the doping density and MR’s thickness according to 

2
WV m

B
Ε

= , where mE is the maximum field, W  is the depletion width. The difference of BV ’s is caused by 

different pillar size. After about 0.3V above BV  with the increase slop of 45.5µA/V, the current which looks like 

saturate in log-log scale plot is because of space-charge effect and large space-charge resistance SCR  which will be 

dominant after breakdown. The SCR s and current densities J  with BV∆   of 4V are 38081 Ohm, 32982 Ohm, 22577 
Ohm, 14479 Ohm, and 3.83 mA/ µm2, 3.66 mA/ µm2, 0.224 mA/ µm2, 3.67447 µA/ µm2 for the MR diameters of 100 
nm, 200 nm, 1 µm and 10 µm, respectively, where BV∆  is an extra voltage above the BV . The saturation current 
occurred earlier for smaller MR size is still because of their larger RSC. 
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Fig. 2 (a) the dark I-V curves at room temperature for the NAPDs with the MR sizes of 100 nm, 200 nm, 1 µm, and 10 µm, 
respectively. The measured breakdown voltage increased from 7.8V to 9.3V with decreasing the MR diameter. 
 
 

 
 

 
 
Fig. 2 (b) a group of I-V curves under the illumination powers of 6 µW, 20 µW, 60 µW, 100 µW, 160 µW and 200 µW, respectively, 
for the multiplication-region size of 100nm NAPD at room temperature. 
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The avalanche gain, also called multiplication factor, can be defined as 
)(
)(
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VdarkVationillu
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II
II

gain
−
−

≡ . Here, 6 V 

and 12 V were selected as two reference voltages before and after breakdown voltage according to our actual 
measurement results. Fig. 3 showed the avalanche gain dependence on the MR size under the different illumination 
power after the extraction and calculation from the original dark and illuminated I-V data at room temperature. The 
avalanche gain ranges from the magnitude of 103 to 106. According to the data fitting result, the avalanche gain increases 
exponentially with the decrease of MR size. This result indicates that the NAPDs have the capability of high-sensitivity 
of detecting smaller signals with decreased multiplication region size, compared with conventional APDs.  
 
 Fig. 4 showed the avalanche gain dependence on the multiplication-region sizes with the sizes of 100 nm, 200 nm, 1 µm, 
and 10 µm, respectively in log-log scale. Also, the gain increases exponentially with the decrease of the size of MR size. 
Because for the size of 100µm, it can be compared with the commercial APD’s MR, or bulk multiplication region, the 
fact that the avalanche gain increases with the decreasing MR sizes indicates the gain of such NAPDs are higher than 
conventional APDs.  
 
By now, the advantages of high gain and high sensitivity of NAPDs were demonstrated. The highest gain we obtained 
was at the magnitude of about 106, which is much higher than commercial APDs now. The highest quantum efficiency 
we obtained in such NAPDs could reach to about 3000. 
 
Fig. 5 showed a family of typical avalanche gain results for such NAPDs under the illumination power of 60 µW. After 
the breakdown voltage BV , the gain increases sharply due to avalanche. The obvious negative gain was found in all 

curves. The negative gain just after the BV  is perhaps caused by the field-induced inter-valley scattering from the 
conduction-band minimum to the energetically higher, low-mobility valley. The drop of the gain in the negative gain part 
is strongly depending on the MR size.  
 
When extracted the data of gain peak and valley where the negative gain occurred and plotted in Fig. 6 for the NAPD 
with the MR size of 10 µm under the illumination power of 6 µW, 20 µW, 60 µW, 100 µW, 160 µW and 200 µW, 
respectively, we found the avalanche gain peak valley ratio decreased with the illumination power exponentially 
according to the fitting results, which was shown as dash line in Fig. 6. We still attributed this fact to the field-induced 
inter-valley scattering from energy lower valley to energy higher, but lower mobility valley. Here, from Fig. 5 and Fig. 6, 
it is also easy to understand that for the NAPDs with smaller MR size, it is difficult for the negative gain to happen 
because the effective electric field applied on the smaller NAPDs’ multiplication region is lower than that of larger 
multiplication region NAPDs.    
 

Conclusion 
In summary, the advantages of NAPDs of high gain and high sensitivity were demonstrated in this experiment. The gain 
increases with the decrease of the multiplication-region size and illumination power. The highest gain we obtained in this 
experiment reached to the magnitude of about 106. Also the negative gain was found in such NAPDs. The avalanche gain 
peak valley ratio also decreased with the illumination power. The physics in NAPDs is the narrowed the multiplication 
region, which then lowered the effective electric field applied on it, improves the performance of NAPDs a lot. 
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Fig. 3 The dependence of avalanche gain of NAPDs on the illumination powers of 0.6 µW, 6 µW, 20 µW, 60 µW, 100 µW, 160 µW 
and 200 µW, respectively. The avalanche gain decreases with the illumination power, which indicates the NAPDs have the capability 
of high-sensitivity for smaller signal compared with conventional APDs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4  The dependence of avalanche gain on the multiplication-region size of NAPDs with the sizes of of 100 nm, 200 nm, 1 µm, and 
10 µm, respectively. The illumination power is 100 µW. The avalanche gain decreases with the multiplication-region size, which 
indicates the gain of NAPDs is higher than that of conventional APDs under the same illumination level.   

0.1 1 10

103

104

105

106

 

Multiplication-region Size (µm)

A
va

la
nc

he
 G

ai
n

 

0 50 100 150 200
104

105

106

 

Illumination Power (µW)

A
va

la
nc

he
 G

ai
n

 

Proc. of SPIE Vol. 7039  70390N-5

Downloaded from SPIE Digital Library on 15 Nov 2009 to 159.226.100.225. Terms of Use:  http://spiedl.org/terms



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5   A family of typical avalanche gain curves for NAPDs under the illumination power of 60 µW for the multiplication-region 
sizes of 100 nm, 200 nm, 1 µm and 10 µm, respectively. 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 6  The avalanche gain peak valley ratio for the MAPD with the multiplication-region size of 10 µm under the illumination power 
of 6 µW, 20 µW, 60 µW, 100 µW, 160 µW and 200 µW, respectively. The dash line was the fitting result for the gain peak valley ratio 
data by decreased exponentially with the illumination power. 
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