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Emission from subbands in inversion layers on (100) Si surfaces is investigated with narrow- 
band filters in combination with a Ga : Ge detector. Subband transition energies are determined 
over a wide range of electron densities and evidence for 1’ -L 0’ transitions is given. Emission 
from electronic transitions between minigaps is studied with a GaAs and a tunable InSb detec- 
tor. For the first time, the energy of higher minigaps is determined as a function of the electron 
concentration in the channel. 

1. Intr~u~tion 

The investigation of two-dimensional systems by spectroscopic methods has 
yielded detailed information on energy levels and effective masses in surface inver- 
sion and accumulation layers on Si. Most of the work has been performed by 
absorption, absorption derivative spectroscopy [l] and photoconductive techniques 
[2-4] using lasers. More recently Fourier transform spectroscopy has been success- 
fully applied to studies of subband transitions [S] , cyclotron resonance [6], mini- 
gap [7] and plasmon [8] phenomena on (100) Si surfaces. 

The ~vestigation of far infrared emission from Si MOSFETs on (100) surfaces, 
excited by current pulses dour the channel, was fust started from the aspect of 
tunable emission [9]. Since the subband splitting depends on the gate voltage, the 
emission frequency is voltage tunable. Besides the source aspects, which had its 
drawback in the extremely low intensities of -lo-” W, this tunability opened the 
possibility for a quite simple spectroscopy; the emitted radiation is tuned through 
narrowband filters, which allows, in combination with a broadband detector, an 
analysis of the radiation. This spectroscopy is equivalent to absorption spectros- 
copy with lasers, since in both cases the energy levels are tuned through a defined 
energy. 
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Besides the subband emission, radiation due to several other electronic processes 
in Si MOSFETs, namely cyclotron emission [lo], minigap emission [ll] and the 
radiative decay of two-dimensional plasmons 1121 has been reported, In these cases, 
a narrowband extrinsic GaAs detector served as a filter and detector at the same 
time and spectroscopy is again performed by sweeping the gate voltage. However, 
this technique is not con~~lemel~tary to a direct frequency analysis of the radiation 
under fixed external perturbation. Since the emission intensities are quite low, so 
that an external frequency analysis by a spectrometer would be too time con- 
suming. we applied a tunable n-JnSb detector [ 13,14] to perform a direct fre- 
quency analysis of the radiation. The n-InSb detector can be continuously tuned 
from 3 to -20 meV with a magnetic field. The detector linewidth is about 3 cm-” 
at 2 K yielding a reasonable resolution. This technique has its potential applications 
when the resonance cannot be swept by an external perturbation or when the emis- 
sion tunes very slowly with gate voltage. 

In the following review, we want to demonstrate the capab~i~ of the emission 

spectroscopy. The narrow band filter technique is applied to a series of Si 
MOSFETs on (fO0) surfaces with oxide thicknesses as varying between 1200 and 

13000 A and channel lengths between 40 pm and 2.5 mm. Four different absorp- 
tion filters in the energy range between 10 and 2.5 meV are used and detailed infor- 

mation on subband energies is obtained. 
The tunable spectroscopy with n-InSb is applied to a study of the minigaps. 

Optical transitions across minigaps are observed in samples tilted 1.1” from the 
(100) surface. For the first time, information on the gate voltage dependence of 
higher minigaps is given. 

2. Experimental methods 

The radiation is generated by voltage pulses applied between the source and 
drain contacts of the MOSFETs. The electron distribution in the channel is heated 
and higher levels (or excitations) are occupied leading to partial radiative decay. 
The emitting MOSFET is mounted inside a brass light pipe opposite to the detector. 
Different geometric arrangements and detection techniques are used depending on 
the emission process to be observed. 

2.1. Subband emissiott 

The radiation is linearly polarized perpendicular to the interface and therefore 
emitted parallel to the interface. The device is mounted with the interface oriented 
in the direction of the detector. A (“1 pm) Au or Al metallization is deposited on 
the gate electrode. This gate rnetallisation provides defined boundary conditions 
for the radiation and “shortcircuits” the blackbody thermal radiation from the hot 
electron gas in the channel. The amount of blackbody radiation can be determined 
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Fig. 1. Tr~smission characteristics of several materials at 4.2 K as a function of frequency, 

on samples with a semitransparent gate to be about 10 times higher than the sub- 

band emission, thus masking subband emission completely. Since the channel is a 
very thin sheet of electrons, this radiation is only emitted perpendicular to the 
interface. A metal in the near field of the channel can therefore short-circuit this 
radiation. Moreover, the substrate side of the device is also metallized to provide an 
efficient guiding of the radiation. 

The emitted radiation is detected and analysed with a broadband Ga doped Ge 

0 100 
FREQUENCY /cm-’ 

200 

Fig. 2. Relative detector response of a photoconductive nCaAs and Ga doped Ge detector as 
a function of frequency at 4.2 K (resolution 1 cm-‘). 
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detector [15] in combination with several narrowband filters inserted between 
detector and emitter. In the experiment the detector signal is measured as a func- 
tion of gate voltage. The transmission characteristics of the filters used at 4.2 K are 
shown in fig. 1. AgI [16] and CuBr [17] are reststrahlen filters made of powder 
suspended in glue and deposited on mylar with a thickness of a few m. The quartz 
filter is made of 2 mm crystalline quartz [IB], while the InSb filter also used as 
reststrahlen filter is a platelet of 100 pm thickness cut from a high purity single 
signal. The frequency response of the Ga : Ge detector is shown in fig. 2. The detec- 
tor has a rather sharp cut off at 80 cm-’ and is sensitive to about 300 cm-‘. 

2.2. Emission perpendicular to the interface 

For emission processes, with the polarization vector in the plane of the interface 
the radiation is emitted perpendicular to the interface. These processes include the 

cyclotron [lo], the minigap [I I] and the plasmon [12] emission. To observe these 
processes a semitransparent gate has to be used. A better coupling out of the radia- 
tion from Si is achieved by glueing the devices on a 12.5 cm diameter Si halfsphere. 
This a~angement has the drawback that the blackbody radiation from the hot elec- 
tron gas is also observed. However, all the above mentioned emission processes are 
at least of the same intensity as the broadband emission so that a separation is pos- 
sible. The samples are mounted in a light pipe with the emission directed to the 
detector. In most of the previous experiments [lo-121 a narrow-band GaAs detec- 
tor was used to analyze the radiation by sweeping the gate voltage. The emitted fre- 
quencies are in the range between 10 and 80 cm-’ and thus outside the range of the 
Ga : Ge detector. The frequency response of the n-GaAs detector is shown in fig. 2. 
In a magnetic field the dominant ls-2p line of GaAs splits into 3 lines [ 191 and 
one line (Is-2p, nr = +l) shows a strong tunability with the field. However, this 
detector can not be effectively used as magnetic field tunable spectrometer since 
the photoconducti~ty spectrum consists always of all three lines. In addition, the 

response of the detector, decreases considerably with magnetic field. To obtain 
information on the frequency spectrum of the emitted radiation we used a mag- 
netic field tunable n-InSb detector. InSb can be used as spectrometer in the fre- 

quency range between 20 and 155 cm-’ (corresponding to 2.5 and 19 meV). Fig. 3 

shows the frequency response of the n-InSb detector as a function of magnetic field 

for several frequencies at 2 K; it consists of one line which shifts linearly with mag- 
netic field. The photoconductive response of n-InSb in a magnetic field consists 
basically of two lines, the cyclotron resonance line and the so called impurity 
shifted cyclotron resonance line. At temperatures well below 4.2 K the response is 
dominated by the impurity line since the conduction band is depopulated due to 
freeze out. The resolution of n-InSb at 2 K is in the order of 3-4 cm-‘. A draw- 
back of this detector is its lower sensitivity compared to the Ga : Ge detector 
(about 2 orders of magnitude lower), However, this detector can be successfully 
applied to the analysis of far infrared radiation. 
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Fig. 3. Relative response of a tunable n-h-&b detector as a function of magnetic field for 3 inci- 
dent frequencies at 2.0 K. 

3. Subband emission 

Subband emission experiments have been performed on (100) Si n-channel 
MOSFETs ]9,10,20]. A rather small range of energies between 12.5 and 16.5 meV 
has been investigated. Besides the spectral analysis of the radiation with the help of 
transmission filters (As doped Ge and crystalline quartz) the electric field depen- 
dence of the emission Intensity for the 1 -+ 0 transition 191 (transition between the 
lowest two subbands) and the electron temperature in the channel as a function of 
the channel electric field [20] have been determined. The problem of establishing 
electrostatic equilibrium has been recognized. It was found that the resulting deple- 
tion charge Ardent can be varied actually between 0 and the full charge given by the 
bulk doping by cool down conditions [lo]. The main problem with emission inves- 
tigations comes from the fact that rather high channel fields are required to heat 
the electron gas sufficiently. This leads to an inhomogeneous electron distribution 
along the channel in large area devices. Two approaches were used to overcome this 
problem. On the one hand, the oxide thickness was increased up to 1.3 j_m-~, which 
allowed the application of higher channel fields and an analysis of the radiation 
down to lower densities. On the other hand, devices with considerably shorter 
channel length (40 m) and large width of the channel (2 mm) were used. 

Fig. 4 shows emission spectra from a 2.5 X 2.5 mm2 gate area MOSFET device 
((100) surface) with an oxide thickness of 1.0 pm. The device was fabricated at 
Bell Laboratories and had a peak effective mobility of 18.000 cm2/V . s at 4.2 K. 
A CuBr filter with a resonant absorption at 17.6 meV and an InSb filter with the 
reststrahlen band at 24.0 meV were used for frequency analysis. With the InSb 
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Fig. 4. Emission signaf defected with 3 Ga : Ge detector as a function of gate voltage (and n,) 
> . 

f"oor 3 MOSFET wth d,, = 1.0 em as observed through narrowband filters at 4.2 I;: C, . . + *f 
CuBr, ( -1 InSb. The minima are assigned to different subband transitions. The dashed 
arrow indicrttes a I’ - 0’ transition (WC text). 

filter 3 subband transitions are resolved clearly as minima, the transition 1 -+ 0 and 
2 transitions from higher excited states to the ground state. This observation 
reflects more or less the transition probability differences between the different 
levels. In the emission experiment the gate voltage is swept at constant channel field 
and every transition is excited with the same efficiency since the transition is ob- 
served when it equals the filter energy. 

The widths of the observed minina are getting narrower going from transition 
1 -+ 0 to 3 -+ 0 indicating a stronger frequency on gate voltage dependence with 
increasing number of the excited state. The spectrum observed with the CuBr filter 
reveals 2 clearly resolved lines due to 1 + 0 and 3 -+ 0 transitions and some addi- 

tional structure at low densities, which will be discussed lat.er. 
A comparison of spectra obtained with MOSFETs on (100) surfaces from differ- 

ent sources using a AgI filter in combination with the Ga : Ge detector is given in 
fig. 5. Curve (a) shows the emission intensity of a “Siemens” sample with an oxide 
thickness of 1200 A, a peak mobility of 6000 cm2jV - s (at 4.2 K) and a channel 

length of 40 pm (channel width 2 mm). The channel voltage applied is 0.7 V corre- 
sponding to an electric field of 175 V/cm. Curve (b) represents the spectrum of a 
“Hitachi” sample with an oxide thickness of 6000 a and a gate area of 2 X 2 mm’. 

The peak mobility is 16,500 cm’/V * s at 4., 7 K. The electric field is 3.5 V/cm. Two 

lines are very clearly resolved and again some additional structure is observed at 
very low gate voltages. Curve (c) is obtained with a 1.3 pm oxide “Bell Labora- 
t.ories” sample with a gate area of 2.5 X 2.5 mm2 and a peak mobility of 15,000 
cm2/V . s. The channel field is 3.5 V/cm. The absorption minima are shifted to con- 
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Fig. 5. Emission spectra detected with Ga : Ge as a function of gate voltage for 3 different 
MOSFETs through a AgI filter. (a) “Siemens” sample: oxide thickness 1200 A, peak mobility 
6000 cm2/V ’ s (4.2 K), channel length 40 pm, channel width 2 mm; (b) “Hitachi” sample: 
oxide thickness 6000A, peak mobility 16,500 cm2/V. s (4.2 K), gate area 2 X 2 mm’; 
(c) “Bell Laboratories” sample: oxide thickness 1.3 grn, peak mobility 15,000 cm2/V + s (4.2 
Kf, gate area 2.5 X 2.5 mm2. 

siderably higher gate voltages for the sample, the dips appear as clear as for the 
“Hitachi” sample. Several features are rather surprising on these results: a reason- 
able narrow emission line can be determined from the data on the rather low mobil- 
ity Siemens sample. The linewidth found is about a factor of two larger than that of 
the other two samples, which does not scale with the peak mobility being a factor 
of -3 lower. In addition, it has to be considered that the applied electric field and 
thus, the effective electron temperature are also considerably higher. However, this 
behaviour is consistent with absorption data ]21] showing no Oneida increase 
with temperature up to 130 K. The observation that subband transitions can be 
analysed in emission up to rather high channel fields emphasizes the emission 
method to be superior to the absorption method for short channel devices. As the 
emission intensity is an exponential function of the channel field and as reduction 
in channel length leads to a linear decrease in intensity, it seems possible to investi- 
gate devices with channel lengths down to 10 nm and below with the emission 
method. 

The linewidth of the emission for the 1 + 0 and 2 + 0 transition is found to be 
in the order of 0.8 (k 0.2) meV at 13.65 meV in the higher rnob~~ samples. How- 
ever, the intensity of the 2 -+ 0 transition is about the same as the 1 + 0 transition 
when accounting for the iower density at which the equivalent frequency appears, 
At the position of the 2 + 0 transition the channel is rather inhomogeneous, for the 
drain-source voltages used. The application of a dram-source voltage comparable to 
the gate voltage will create a channel where the resistance of the channel varies 
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Fig. 6. Subband transition energies as a function of electron density (n,) for a MOSFET with 
d 
,;;(0 

= 1.0 pm. Two different N& I are realized by cool down conditions [IO]: NdepI = 6 X 

cmd2 (0); Ndepi = 1 x loi8 cm -2 (a). The open circles indicate 1’ + 0’ emission for 
N& 

-8 
1~6 X IO’* cm ; photoconductivity data by Neppl et al. [4] for Ndepl = 6.0 X 1O’O 

cm are also included (x). The curves are fits to the experimental data. 

considerably between drain and source. As a consequence, the electric field in the 
channel will not be constant. Most of the voltage will drop at the high resistivity 
side of the channel and create there a considerably higher field. This is likely the 
reason for the high intensity of the 2 + 0 transition. From the fact that the line- 
width still remains rather narrow, we conclude that the voltage drops within a 
rather short distance and that the linewidth of the 2 + 0 transition does not 
increase significantly with electron temperature. Emission from other parts of the 
channel does not effect the line since the electric field and thus, the intensity is 
low. 

A plot of transition energies as determined with a series of filters and the known 
detector response is shown in fig. 6 for a “Bell Laboratory” sample with an oxide 
thickness of 1 .O I.tm. Two different depletion charge densities N&nf - 6 X 10” 
cmv2 and lYdepl - 1 X 10” emm2 were realized by different cool down conditions. 
In both cases, up to three subband transitions are observed. Photoconductivity data 
by Neppl et al. f4] from a sample with the same depletion charge (Nde,,r - 6 X 
10” cm-“) are included for comparison. The transition energies agree well with 
Ando’s theoretical results [22] for the 1 + 0 transition for both depletion charges. 
However, the higher transitions are lower in energy than predicted by theory. 

At low densities we observe an additional emission in the energy range between 
13.5 and 18.0 meV, which has a considerably stronger electric field dependence 
than the 2 + 0 transition. The determination of the corresponding electron concen- 
tration is rather difficult due to the extremely inhomogeneous channel situation. 
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By investigating several positive and negative channel voltages we determined the 
two points for the AgI and CuBr filters marked by circles in fig. 6. Because of the 
strong channel field dependence we assign these energies to transitions between the 
fourfold degenerate set of subbands 1’ -+ 0’. Kneschaurek et al. [21] have observed 
an additional absorption line at rather low densities at 15.7 meV which increased in 
intensity with increasing temperature. They interpreted this line as 0’ + 1’ transi- 
tion. The result of Kneschaurek et al. [21] is marked by the circle with the cross in 
fig. 6 and seems to tit the tendency given by the other two points. If we accept this 
interpretation, we have found the dependence of the 0’ -+ 1’ transition energy as a 
function of density within a small concentration range. Ando [23] has calculated 
the dependence of the energy difference between the two ground levels of the two 
different sets of valleys (0 + 0’) and has found about the same slope for the 0 -+ 0’ 
energy difference as for the 1 + 0 transition. We find a similar slope compared to 
the 1 -+ 0 transition (somewhat steeper) but a weaker slope as compared to the 
2 + 0 transition. As the 3 + 0 transition would have an even steeper slope than the 
2 + 0 transition, we conclude that the 3 + 0 transition cannot be responsible for 
the observed emission. Therefore, we believe that our data give evidence for 1’ -+ 0’ 
transitions in the energy range between 13.6 and 17.6 meV. 

4. Minigap emission 

The two-dimensional band structure of electron inversion layers on surfaces 
tilted a few degrees from (100) exhibits one-dimensional energy gaps - “minigaps”. 

Cole et al. [24] first observed these minigaps through an anomaly in the gate vol- 

tage dependence of the channel conductivity. Sham et al. [7] proposed the 
so-called “projection surface band model”, which has been very successful in pre- 
dicting the positions of the various gaps, which have been detected in the meantime 
by conductivity measurements [25,26] and by infrared spectroscopy [27,11]. In 
particular Tsui et al. [25] observed anomalies in the conductivity due to 4 minigaps 
in samples with small tilt angles (0 < 3”). 

More recently, systematic spectroscopic investigations [31,32] on a series of 
samples with tilt angles between 1.1” and 12” have found empirical formula to 
describe the energy splitting of the lowest minigap (occurring at a Fermi vector 
kF = (27r/a -k,) sin 0 [25], where a is the lattice constant of Si and ke = 
0.85(2rr/a) is the value of the wave vector at the conduction band minima along the 
( 100) directions). 

We have performed emission experiments on series of samples tilted by 1 .l” to 
8.9’ from [ 1001 in a (110) plane. Fig. 7 shows the photoconductive response of a 
GaAs detector as a function of gate voltage for 3 samples. The 8.9” and 5.6” sam- 
ples exhibit one resonant peak due to narrowband emission at 4.4 meV (resonant 
detector response at 4.4 meV, see fig. 2) the 2.9” sample reveals a second peak at 
higher gate voltages. 
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Fig. 7. Minigap emission spectra obtained with a n-GaAs detector as a function of gate voltage 
for MOSFETs with different tilt angles. 

In the experiment with the GaAs detector the minigaps are tuned through the 
narrow detector line and a resonance is only observed if the size of the minigap 
coincides with the detector resonance in the sweep range. Minigaps below and 
above the detector line cannot be observed. The use of a tunable n-InSb detector 
avoids this disadvantage. However, due to its lower sensitivity, lower signal to noise 
ratios have to be accepted. With the n-InSb detector we investigated minigap split- 
tings in a range between 2.5 and 8 meV. In the experiment we tune the resonant 
response of the InSb detector (shown in fig. 3) with the magnetic field and keep the 
channel concentration constant. We apply current pulses between drain and source 
to excite the emission. Fig. 8 shows emission spectra as a function of magnetic field 
measured with an n-InSb detector for a 1 .I” sample and n, values between 1 X IO” 

and 6.9 X 10” cm-‘. At the lowest density no structure is observed, the detected 
signal is due to broadband hot electron emission. The sensitivity of the detector 
increases with magnetic field to an increasing detector resistance. With increasing 
density first two and at the highest density four maxima in the emission signal 
become visible. These maxima are due to narrowband emission at distinct frequen- 
cies. The positions of the peaks are marked by arrows. The frequencies which, 
according to our interpretation, belong to the same minigaps are combined by 
dashed lines. 

In fig. 7, the 8.9” and 5.6” samples reveal only one minigap (lowest minigap) 
while the second resonance in the 2.9” samples gives evidence for a second minigap. 
The appearance of the second minigap in emission coincides with the anomaly in 
conductivity [25]. By comparison with the analysis of ref. [32], we assign the 
highest emission energy (appearing at the highest magnetic fields) to the minigaps 
at kF = (27r/a - k,) sin 0 which shows the strongest energy on gate voltage depen- 
dence. The assignment of the next minigaps is then straightforward. We find that 
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Fig. 8. Emission signal for au n-I&b detector as a function of magnetic field for a MOSFET 
with a tilt angle of 1.1” and several electron densities. The observed lines are indicated by 
arrows. The dashed lines indicate the frequency shift on the lines with n,. 

the energy splitting of the higher minigaps increases considerably weaker with gate 
voltage than that of the lowest one. For the 1 .l” sample, we determined the second 
minigap to be 3.0 meV at n, = 2.5 X 10” cm-’ and to increase to 4.7 meV for 
“1, = 6.9 X 1012 cm-*. The third minigap is 2.3 meV for ~2, = 3.9 X lo’* and 3.2 
meV for 6.9 X lOi* cme2. The fourth minigap is only observed at the highest n, 

value to be -2.3 meV. 
In addition, we have also studied the effect of substrate bias on the size of the 

minigap for a 8.9” and 6” sample. In these samples, only the lowest minigap is 
observed. We have changed &dent between 1 X 10” and 6 X 1Orr cmv2 by applying 
substrate voltages between +0.3 V and -30.0 V. These investigations were per- 
formed by sweeping the gate voltage through the GaAs line. We found that the 
detector resonance corresponding to a minigap splitting of 4.4 meV, always appears 
at the same gate voltage and was independent of the substrate voltage. This indi- 
cates that the size of the minigap depends basically only on the surface field given 
by F = (4rre*/e&z, +Ndepr) in contrast to theory [33-351 which predicts a 
dependence as 

F = (4~e~~~i)(~~ + TNd&l 

with y = 32/l 1. 
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