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We have developed a monolithic 512x512 element GeSi/Si heterojunction infrared focal plane array (FPA).
The operation mechanism of the GeSilSi heterojunction detector is the same as that of the PtSi/Si Schottky-barrier
detector. We have fabricated the GeSilSi heterojunction using molecular beam epitaxy (MBE) technology, and
have confirmed that ideal strained GeSi films are grown on Si substrates. We have evaluated the dependencies of
spectral responsivity on the Ge composition, impurity concentration and GeSi thickness, and have optimized
them for 8-12 um infrared detection. The 512x512 element FPA has a pixel size of 34x34 um? and a fill factor of
59%. A low noise equivalent temperature difference of 0.08 K (f/2.0) was obtained with a 300 K background with

a very small responsivity dispersion of 2.2%.

Keywords:

1. Introduction

Scanning imaging systems with linear detector ar-
rays have been used for infrared imaging for a long
time. Starting with the 3-5 pm spectral band, elec-
tronic imaging technology with 2-dimensional FPAs
is spreading its application fields into the 8-12 pm
spectral band. HgCdTe is a popular material for
8—12 pm infrared FPAs [1-3]. For compound semi-
conductors like the HgCdTe, the hybrid structure,
where individual detectors are connected to silicon
readout circuits via metal bumps, is indispensable.
Serious thermal stress appears near the metal bumps
during operation because the typical operating tem-
perature of quantum detectors is about —200°C. As the
number of elements in the FPA is increased, the chip
size must be enlarged, and this increases the thermal
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stress. Thus, it is difficult to increase elements using
the hybrid structure.

Operation mechanism of the GeSi/Si heterojun-
ction infrared detector is the same as that of the
PtSi/Si Schottky-barrier detector, which is the most
advanced infrared imaging device in resolution. The
GeSi/Si heterojunction infrared detector can be mono-
lithically integrated on the same silicon substrate as
that for readout circuits, and its cutoff wavelength can
be tailored up to the 8—12 pm spectral region [4-7].

We have developed a high-resolution monolithic
GeSi/Si heterojunction FPA for 8-12 pm imaging. In
this paper, we will report on the spectral response and
dark current of our GeSi/Si heterojunction detectors,
and the effect on them of the Ge composition and im-
purity concentration. In addition to the study of these
parameters, we will discuss the optimum GeSi film
thickness. Finally, we will report on the design and
performance of the 512x512 element GeSi/Si hetero-
junction FPA.
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Fig. 1. Structure and operation of GeSi/Si heterojunction detector.

2. Structure and operation of detector

Figure 1 shows the structure and operation of the
GeSi/Si heterojunction detector [5]. The structure is
similar to that of the PtSi/Si Schottky-barrier detector
except that the GeSi layer is replaced by the PtSi film.
GeSi is a mixed crystal of Ge and Si, and its energy
band gap can be tailored by varying the Ge composi-
tion. The GeSi film acts as an emitter. It is degene-
rately doped with boron, and a lot of holes populate in
the upper states of the valence band as free carriers.
When infrared rays strike the GeSi film, the holes are
excited, and the exited holes are emitted into the Si if
they have energy greater than the barrier height (¢,,) of
the GeSi/Si heterojunction. This operation is called in-
ternal photoemission, which is familiar as the photo-
detection mechanism of the Schottky-barrier detector.

Cutoff wavelength is determined by the energy
barrier
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where A is the cutoff wavelength (um), @, is the bar-
rier height (eV). Unlike the Schottky-barrier detector,
@, can be controlled by varying the Ge composition
and boron concentration in the GeSi/Si heterojunction
detector.

If the carrier movement in the GeSi film is as-
sumed to be isotropic, the quantum efficiency is ex-
pressed as follows [7]

2
n = 1 M, (2)
hv

where 1 is the quantum efficiency (electrons/photon),

C, is the quantum efficiency coefficient (eV-!), h is the
Planck constant (eVs), and v is the frequency (Hz).

Quantum detectors are cooled in order to reduce

the dark current and to increase the signal-to-noise ra-
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tio. The operating temperature of the detectors in de-
cided by considering the temperature dependence of
the dark current. The dark current of the GeSi/Si
heterojunction detector is dominated by the thermi-
onic emission current, as is that of the Schottky-
barrier detector, and is given by

D
Jp = AT? exp(— k—;] , 3)

where J, current density (A/cm?), A is the Richardson
constant (A/cm2?K2), T is the operating temperature
(K), and k is the Boltzmann constant (J/K).

3. Manufacturing of GeSi/Si
heterojunction

The GeSi/Si heterojunction is fabricated by grow-
ing a GeSi film on a (100) p—Si substrate using mo-
lecular beam epitaxy (MBE) technology. Figure 2
shows a cross-sectional transmission electron micro-
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Fig. 2. Cross-sectional TEM image of GeSi film.
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scope (TEM) image of a 20 nm GeSi film with a Ge
composition of 0.4 and boron concentration of
2x10%20 cm3.

The lattice constant of Ge is 4% larger than that of
Si. Thus, when the GeSi film is thin, the strained GeSi
film matches its own lattice constant with that of the Si
substrate as the film is grown. But, when the thickness
of the GeSi film exceeds the critical thickness, the lattice
of the GeSi film is relaxed with dislocations which de-
grade the electrical characteristics of the junction. To
obtain good GeSi/Si heterojunctions, it is important to
grow GeSi films with the strained structure. Figure 2
shows that our GeSi film has an ideal strained structure.

4. Performance of GeSi/Si
heterojunction

To evaluate the performance of our GeSi/Si
heterojunctions, we manufactured 600x400 pm? pho-
todetectors.

4.1. Spectral response

Figure 3 shows the dependence of the spectral re-
sponse on the Ge composition. The responsivity cal-
culated from Eq. (2) becomes smaller as the wave-
length becomes longer. However, the responsivity in
Fig. 3 is almost constant in the short wavelength re-
gion. The reason for this characteristic is small ab-
sorptivity of the GeSi film in the short wavelength re-
gion. In the longer wavelength region, the respon-
sivity decreases as the wavelength increases. The cut-
off wavelength is defined as the wavelength where
the responsivity becomes 0, and it is obtained by ex-
trapolating data in the long wavelength region.
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Fig. 3. Dependence of spectral response on Ge composition.
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Fig. 4. Dependence of spectral response on boron concen-
tration.

The spectral response depends on the Ge composi-
tion, reflecting the dependence of the barrier height on
the Ge composition. As the Ge composition becomes
smaller, the cutoff wavelength becomes longer.

Figure 4 shows the dependence of the spectral re-
sponse on the boron concentration. Higher boron con-
centration gives longer cutoff wavelength because the
Fermi level moves deeply into the valance band when
boron concentration is increased.

Figure 5 shows the dependence of the barrier
height on the Ge composition, and Fig. 6 shows the
dependence of the quantum efficiency coefficient (C;)
on the boron concentration. The small dependence of
the barrier height on the Ge composition for a boron
concentration of 4x102° cm= and the decrease in the
quantum efficiency coefficient in the higher boron
concentration region indicate that too much boron
concentration damages the strained structure and de-
grades the detector performance.
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Fig. 5. Dependence of barrier height on Ge composition.
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Fig. 6. Dependence of quantum efficiency coefficient on
boron concentration.

4.2. Optimization of GeSi thickness

Figure 7 shows the dependence of the quantum effi-
ciency coefficient on the GeSi thickness. This depend-
ence is explained by considering the effect of infrared
absorption in the GeSi film and the effect of multiple re-
flection of excited hot carriers in the GeSi film. While
thicker GeSi film absorbs more infrared energy than
thinner film, enhancement by multiple reflection is less
effective in the former than in the latter. So the GeSi
heterojunction detector has an optimum GeSi thickness
at which the quantum efficiency is maximized. From the
result shown in Fig. 7, the optimum GeSi thickness of
our detector was determined to be 20 nm.

4.3. Dark current

Figure 8 shows the dependence of the dark current
on temperature. In this figure, the x-axis is the inverse
of the operating temperature. The characteristics are
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Fig. 7. Dependence of quantum efficiency coefficient on
GeSi thickness.
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Fig. 8. Dependence of dark current on temperature.

in good agreement over a wide range of operating
temperatures with the thermionic emission theory ex-
pressed by Eq. (3).

5. 512x512 element GeSi/Si
heterojunction infrared FPA

We have developed a 512x512 element GeSi/Se
heterojunction infrared FPA with the following GeSi
formation parameters.

e Ge composition: 0.4,

e Boron concentration: 2x10%0 cm=3,

e GeSi thickness, 20 nm.

Figures 9, 10, and 11 show a photograph of the im-
age sensor, the pixel cross section, and a scanning
electron mocroscope (SEM) photograph of the pixels,
respectively. The pixel size is 34x34 pm?, and the fill
factor is 59%. The chip size is 20.6x19.4 mm?,

Fig. 9. 512x512 element GeSi/Si heterojunction infrared
FPA.
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Fig. 10. Pixel cross section.

We chose a MOS readout architecture because the
transfer efficiency of the CCD is seriously degraded
at 40-50 K operating temperatures of GeSi hetero-
junction FPAs for the 8—12 pm spectral band. Signal
charge is stored in the detector during the integration
time. The storage charge is transferred to a storage ca-
pacitor, which is stacked over the detector as shown
in Fig. 10, and the voltage change at the storage ca-
pacitor is read out through a source follower circuit at
the pixel. We adopted a 2:1 interlace readout mode in
this FPA.

Figure 13 shows the spectral response of the FPA.
The solid line in this figure is a curve calculated using
Eq. (2) with a quantum efficiency coefficient of 0.155
eV-! and cutoff wavelength of 10.7 pm.

Figure 12 shows the histogram of the responsivity
in our FPA. The standard deviation of 64x64 elements
in the center is 2.2% of the average responsivity. The
number of defective elements is 4 elements out of
500500 elements; thus, the proportion of defects is
less than 0.002%. A defective element is defined as an
element the responsivity of which exceeds £50% of the
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Fig. 11. SEM photograph of pixel.
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Fig. 12. Spectral response of FPA.

average responsivity. Considering our experience with
the production of 1040x1040 element PtSi Schottky-
-barrier FPAs, it should not be too difficult to obtain
512x512 element GeSi FPAs with no defects when we
have mastered the GeSi FPA production process.

6. Imaging performance

We have evaluated imaging performance of our
FPA. Figure 14 shows an overview of the imager. Re-
fraction type /2.0 optics is used for this imager. The
FPA is operated at a frame rate of 30 Hz. The
field-of-view is 6°x6°. The operation temperature of
the FPA is 43 K.

The image signal from the FPA is processed in
offset and gain correction circuits, and is output as an
RS-170 standard video signal. Figure 15 is video out-
put for 32°C and 22°C blackbody targets. A 10 K
temperature difference yields a 290 mV video signal,
and the resulting differential temperature response is
29 mV/K. Since the video noise at 300 K is measured
as 14 mV peak-to-peak, the noise equivalent tempera-
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Fig. 13. Histogram of relative responsivity.
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Table 1 shows the specifications and typical per-
formance of the imager, and Fig. 16 shows some ex-
amples of thermal images with this imager.

Table 1. Specifications and performance of imager

Detector GeSi/Si heterojunction
Array size 512x512
Pixel size 34x34 pm?
Fill factor 59%
Readout MOS architecture
Fig. 14. Overview of imager. Dispertion 2.2% (non-corrected)
Defect < 0.002%
ture difference (NE is 0. . i
(DIR) is e e e d]i)sg?aa;ntlgm;a:riﬁ-: e b
ture range to NRTD. In this imager, the display tem- Eynamic range E55 dB

perature range is 46°C, so D/R is about 55 dB.

Fig. 15. Video outputs for 32°C and 22°C balackbody targets.
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Fig. 16. Examples of thermal images.

7. Conclusion

In order to realize high performance GeSi/Si
heterojunction FPAs, we have evaluated the depend-
encies of spectral responsivity on the Ge composition,
impurity concentration and GeSi thickness, and have
optimized them for 8—12 pm infrared detection. We
have developed a monolithic 512x512 element GeSi/
Si heterojunction infrared FPA. The FPA has a pixel
size of 34x34 pm? and a fill factor of 59%. In prelimi-
nary evaluation, we have obtained a low noise equiva-
lent temperature difference of 0.08 K (f/2.0) with a
300 K background and a dynamic range of 55 dB

Contributed paper

with a very small responsivity dispersion of 2.2% and
high pixel yield of 99.998%.
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