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INFRARED DETECTORS”
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Abstract The recent development of p-GaAs and Si homojunction interfacial workfunction internal photoemission (HI-

WIP) far-infrared (>>40pm) detectors was briefly reviewed. both theoretically and experimentally. The emphasis is on

the detector photoresponse mechanism and detector performance. Promising results indicate that p-GaAs and S5 HIWIP

far-inlrared detectors have great potentiality to become a strong competitor in far-infrared applications,

Key words homojumotion structures, far-infrared, detectors.
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INTRODUCTION

Semiconductor photodetectors are the most sen-
sitive detectors of infrared radiation. Progress in the
crystalline quality of materials, the control of un-
wanted impurities and the {fabrication of contacts
have produced increasingly sensitive and stable detec-
tors. These improvements were due in part to paral-
lel developments of semiconductor industry. as well
as the demands and potentiality of infrared astrono-
my programs, such as Space Infrared Telescope Fa-
cility (SIRTF) and Far Infrared and Submillimeter
Telescope (FIRST). According to the mechanism of
photoexcited processes, semiconductor infrared de-
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tectors can be described mainly as intrinsic and ex-
trinsic detectors. The cutofl wavelength (A} of in-
trinsic detectors is determined by their band gap,
while the A, of extrinsic detectors is determined by the

impurity photolonization energy. Figure 1 shows the
cutoff wavelengh of several semiconductor intrinsic
and extrinsic detectors. The horizontal line repre-
sents the detector’ s extended coverage of cutoff
wavelength by using alloying or uniaxial stress. Si-
based blocked impurity band (BIB) detectors have be-
come the state of the art for infrared detection in the
15-40pm. Si: As BIB arrays, which cover the wave-
length from 5 to 28pm, can be obtained in 256 256
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array format. Recently, Huffman et af. have devel-
oped the material for Si:Sb BIB arrays. which ex-
tends the wavelength detection to 40um!. Beyaond
40pm, Ge :Ga is the most common photaconductor
material with a cutoff wavelength of ~100pm. The u-
niaxial compression approach takes advantage of the
decrease in binding energy of shallow acceptors,
which results from splitting of the heavy hole and
light hole valence band degeneracy and has extended
the optical response of Ge:Ga to ~220um. Maost re-
cently, stressed Ge:Ga has been utilized in a 5% 5 de-
tector array-*.

One of the primary goals of infrared detector de-
velopment is to extend the wavelength coverage. in
order to increase sensitivity in regions of spectrum
that were previously covered by bolometric detec-
tors, The far infrared and submillimeter range gener-
ally refers to the electromagnetic band fram 30 1o
1000um and is the source of much astrophysical in-
formation. corresponding to the blackbody radiation
for relatively cool object of 5-50K, as well as molecu-
lar and atomic emission lines associated with impor-
tant species such as C.0,H,0. Dust., which is pre-
sent both around and between stars, absorbs higher
energy photos, causing stars and galaxies to emit sig-
nificant radiation in the {ar infrared, too. Neverthe-
less, there are many technological challenges for fab-

ricating large format arrays in germanium™), Incor-
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Fig. 1 Cutoff wavelength of several semiconductor in-

trinsic and extrinsic detectors. The horizontal line repre-

sents the detector’s extended coverage of cutoff wave-
length by using alloying or uniaxial stress
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porating different components in a single chip to fab-
ricate an integrated circuit is a major advantage of us-
ing Si. Furthermore. the recent rapid development of
GaAs based long wavelength quantum well infrared
photodetectors (QWIPs) and focal plane array cam-
eras'®> makes GaAs anather promising candidate for
integrated circuits. In this paper, a novel far infrared
detection is proposed to extend the wavelength cover-
age by use of the concept of internal photoemission
and has been realized in GaAs and Si homojunction

structures.

1 DETECTION MECHANISM

The basic structure of homojunction internal
photoemission (HIP) detectors consists of a heavily
doped layer, which acts as the IR absorber region.

and an undoped intrinsic layer across which most of
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Fig. 2 Energy band diagrams for three different p types

of HIP detectors. (a) Type I ; N,<<N.y (b) Type 1,

N.<N,< N (c) Type 1; N.>No. (N.is the Mott's

critical concentration. Ng is the eritical concentration
corresponding to A=01
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Fig. 3 Calculated emitter layer doping concentration

(N.) dependence of the shift for the major band edge

AE. and interfacial work function A at zero bias from the

high density (HD) theory. The theoretical curve of &

should have a deviation of & 1meV due to the modified

Fermi level, The experimental HIWIP cutoff wave-
length results are shown by solid circles
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the external bias is dropped. According to the doping
concentration level in the heavily doped layer, the
HIP detectors can be divided into three types as
shown in Figs 2 (a)~(¢), which show different pho-
toresponse mechanisms and response wavelength
ranges.

When the doping concentration (N.) in the p*-
layer is high but below the Mott critical value (N.},

an impurity band is formed. At low temperatures,

the Fermi level is located in the impurity band. The
incident FIR radiation is absorbed due to the impurity
photoionization, with a workfunction (or cutoff
wavelength) given by A= Er— E.””. The operation
can be described as follows. Holes zre photoexcited
from filled impurity band states and rapidly thermal-
ized into the top of the valence band by phonon relax-
ation and then tunnel through an interfacial barrier.
The cutof{ wavelength is mainly determined by impu-
rity photoionization energy.

When the doping concentration is above the
Mott transition. the impurity band is linked with the
valence band edge. and the p*-layer becomes metal-
lic. Even in this case. the Fermi level can still be
above the valence band edge of the i-layer (Ef>>Ey')
due to the bandgap narrowing effect. giving rise to a
workfunction A=Er—~E,’ as shown in Fig. 2(b), un-
less N, exceeds a critical concentration N, at which A
={. One of their unique features is that in principle,
there is no restriction on A, which is tailorable. since
the workfunction can become arbitrarily small with
increasing doping concentration. This means that the
HIWIP FIR detectors with any A can be developed as
needed. Here. the photon absorption is due to free
carrier absorption. By using high density theory'™,
the doping concentration dependence of AE,.Ef. A,

and A was calculated. The results for p type GaAs
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Fig. 4 {a) Spectrel response calculated for four p-Gads single layer detectors with the same electric field F of 1000
V/cem bur different emicter layer doping concentrations N, (1JN,=5.0X10%m™?; (2> N.=8, 0X10%m™3 (3}
N,=1.0X10%m *; (4} N.=1.5x10%zm ™, (b} The effect of electric field on spectral response is elso shown for
detector 4: (1) F=50V/ecm; (22 F=200V/cm; (3) F=500V/cm, (43 F=1000V/cm
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are shown in Fig. 3, together with our experimental
HIWIP cutoff wavelength results by solid circles™. It
is seen from Fig. 3 that the experimenral A is in rea-
sonable agreement with the calculation. and A be-
comes very sensitive to N, at high doping concentra-
tions, that is. only a small increase in N, can cause a
large increase in A. Furthermore. 4 of the HIWIP
detector can easily be tuned by the doping concentra-
tion to meet the requirements of 200um or more.
This type is our interest here.

When the doping roncentration is so high that
the Fermi level is below the valence band edge of the
i-layer. the p~-layer becomes degenerate, and a bar-
rier associated with a space charge region is formed at
the p™-i interface due 1o the hole diffusion, as shown
in Fig. 2{c). This type of device was first demon-
strated by Tohyvama et af. ""The major difference is

that it is expected to operate near 77K and has re-

sponses in the midwave infrared {(MWIR} and long

wave IR ranges.

2 THEORETICAL MODEL OF SPECTRAL
RESPONSE

The total quantum efficiency is the product of
photon absorption probability . internal quantum effi-
ciency and barrier collection efficiency. By using their
analytic expressions, the responsivity for GaAs p™-i
single structures has been calculated as functions of
wavelength . electric field . emitter layer doping con-
centration. etc. The effect of emitter layer doping
concentration on spectral response is shown in Fig. 4
tad. It can be seen that with the increase of doping
concentration. both the spectral bandwidth and the
peak responsivity (R,) increase, while the short
wavelength side of the spectral response almost re-

mains the same. It is noted that the spectra do not
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Fig. 5 (a) Schematic of 10 -layer p-type HIWIP detectors after device processing. p**.p* and i are the contact lay-

er. emitter layer and undoped layer, respectively. A window is opened on the top side for frontside illumination.

{b> Energy-band diagram of the detectors under {orward bias. (¢) SIMS profile of o Be doped p-GaAs HIWIP 10-
laver detector sample
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change continuously at low wavelength range. be-
cause in that photou energy 1ange the internal quan-
tum efficiency has different function relations with
photon energy. The corresponding R,, A.. and A4
Chalf-peak width) are. R,=0. 20, 0. 28, 0. 32,and
0. 47 A/W, A.=180. 194, 209. and 287um, and A
=92, 96, 113, and 160um. The calculated R, is in
good agreement with the experimental results shown
next by taking into account the multilayer effects.
The electric field (F) dependence of spectral re-
sponse is shown in Fig. 4 (b). As F increases, both
responsivity and A increase considerably due to the
image force effect. which is in good agreement with
experimental results below. Also, the peak wave-
length shifts gradually to longer wavelengths, One
important point to remember here is that the caleula-
tions are done for a single layer device. By using mul-
tilayer structures (p¥-i-p¥-i...or nt-i-n*-i...) and
optimum emitter layer thickness, which can be real-
ized by MBE or MOCVD growth technologies, the
gquantum efficiency can be easily improved. as shown

experimenttally below.
3 EXPERIMENTAL RESULTS

The basic structure of HIWIP detectors consists
of a heavily doped emitter layer and an intrinsic lay-
er, across which most of the external bias is
dropped. The detection mechanism involves infrared
absorption in the emitter layer followed by the inter-
nal photoemission of photoexcited carriers across the
junction barrier and then collection. The schematic of
the detectors after device processing and their ener-
gy-band diagram are shown in Figs. 5a, 5b. Multi-
layers were used to increase the guantum efficiency
due to the increased photon absorption efficiency and
possible photocurrent gain enhancement. Good con-
trol of MBE growth is indicated by secondary ion
mass spectroscopy (SIMS) measurements as shown
in Fig. 5{c¢). The contact was formed by deposition
of Ti-Pt-Au,

The MBE epilayers of our best p-GaAs HIWIP
FIR detector consist of a 3000 A bottom contact
(p**) layer, a 1500 & undoped (i) layer, 20 periods
of thin emitter {(p*) layers (thickness 150 A ) and

undoped i layers (thickness 800 A ), and finally a
3000 A top emitter layer and a 3000 A top contact
layer. The emitter layers were doped with Be to 4 X
10"em ™",

doped to 2—3 < 10%m3?,far above the Mott transi-

The top and bottom contact layers were

tion value to ensure an ochmic contact. The responsiv-
ity (R) spectra of the p-GaAs HIWIP FIR detector
(mesa size 240pm X 240pm) under different forward
biases at 4. 2K are shown in Fig. 6{a). The respon-
sivities are greater than the previous results as this
structure has 20 layers. The highest responsivity ob-
tained here is 3, 10A/W at a bias of 192. tmV. Fig-
ure 6{b) shows the bias dependence of the detectivity
{D*) and peak quantum efficiency 7,. The highest
detectivity is 5. 9 X 10"%cmHz'""%/W at 4. 2K under a
bias of 83, 0mV. The maximum guantum efficiency in
HIWIP FIR detectors can be estimated by taking into
account the free carrier absorption and inelastic scat-
tering loss. We get maximum guantum efficiency of
12. 7% in the present GaAs detector, in good agree-
ment with the experimental result of 12. 5% at a bias
of 192. 0mV™®), Two other detector samples with 10
layers and a single layer were also measured . with all
the other parameters the same. and the maximum
quantum efficiency was 6. 1% and 0. 5%, respective-
ly, consistent with the theoretical prediction of 6. 6%
and 0. 6. The responsivity curves shown in Fig. 6
{a) also display a strong bias dependence of cutoff
wavelength, increasing with the applied bias due to
the image force effect. The experimental data are
shown as solid circles in Fig. 6{c). The theoretical A
(solid curve) is calculated and is in good agreement
with the experimental results with a maximum devia-
tion of 1. 0meV.

The uniformity of the detectors was also test-
ed!™. The dark current of 7 randomly chosen rela-
tively large mesas (460pm < 460um) at 4. 2K was
quite uniform (as shown in the inset of Fig. 7) with a
standard deviation of 15. 4% at a bias voltage of
200mV. Furthermore, the bias dependence of D* for
the 7 mesas with a standard deviation of about 8. 0%
is shown in Fig. 7, the values are within experimental
errors. These results clearly demonstrate the possi-

bility of high uniformity required for large FIR focal
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Fig. 6 {a> Spectral response of a 20-layer p-GaAs HIWIP FIR detector measured at 4. 2K under different forward
bais values. The deep valley at 36. Spm is due to the transverse optical (TQ) phonons of GaAs. (h) Bias depen-
dence of peak quantum efficiency measured at 30, Opm (filled circles) and device detectivity (open circles). (c) Bias
dependence of cutoff wavelength in the p-GaAs HIWIF detector at 4. 2K. The maximum deviation between the
theory (solid curve) and experiment (filled circles) is 1. OmeV
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plane arrays, since the typical pixel size for arrays is

much smaller than the tested devices, (e. g., 50um
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Fig. 7 Bias dependence of device detectivity of 7 random-
ly chosen 460pm-square mesas at temperature of 4. 2K.
Shown in the inset is the dark current of the 7 mesas at
4. 2K and a forward bies of 200mV
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* 50pm in GaAs/AlGaAs QWIPs™], and thus the
dark current per pixel, together with the standard
deviation, would be about two orders of magnitude
smaller. Figure 8 shows the crosstalk of the p-GaAs
HIWIP FIR detector measured by focusing the inci-
dent light spot on one mesa and monitoring the phto-
conductivity outputs of the adjacent mesas. Output
photoconductivity signal when the light is on mesas
(a) and (b) (size 460pm square) as a percentage of
direct incident signal. At the bias (83. OmV ). with
the highest detectivity, the crosstalk is found to be
2.29% for measa (a) and 0. 061% for mesa (b). The
maximum oOutput percentage (5. 70% and 0. 16%)
corresponds approximately to the maximum output of
the device at 192. OmV. Lower values of crosstalk
have been achieved under various bias conditions,
This crosstalk is comparable to 2. 1% (in the first
nearest column case) in Si:As BIB detectors!®.

Typical current noise spectral’ of the studied p-
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Fig. § The crosstalk of p-GaAs HIWIP measured by fo-
cusing the incident light spot on one mesa and monitor-
ing the photoconductivity outputs of the adjacent mesas,
Cutput photoconductivity signel when the light is on
mesas a) and b) as a percentage of direct incident signal
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GaAs HIWIP FIR detector at 4. 2K for various for-
ward bias values are presented in Fig. 8, All the

spectra display 1/f noise dependence at freguencies
{f) below 1kHz and are independent of frequency at
higher values. The measured shot noise data can be
used to directly estimate the noise equivalent power
(NEP) in the p-GaAs HIWIP FIR detector. At a
bias of 89mV . the measured shot noise (§;) is 8. 3%

10"%A%Hz, and the responsivity of the detector is 2.
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Fig. 10 Spectral response of p-Si HIWIP FIR detector
measured at 4. 2K under different forward (rop positive)
bias V,(a) 0. 377V, (b) 6. 539V, and (e} 0. 791V. The
spike responses are associated with excited impurity
states with the theoretical energy levels marked by ar-
rows. The other mincr features are due to the instru-
ment response function against which the detector out-
put was raticed. The inset shows the dark current
I; vs V, of the detector at 4, 2K
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Fig. 9 Megrsured dark current noise spectra of p-GaAs

HIWIP far-infrared detector at 4. 2K for various forward

biases. The dashed line represents the 1/f dependence
of the noise power density S,
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12A/W. This yields a NEP of 4. 3 X 10"*W/Hz'?
{detectivity D* of 6. 0X 10" cmHz'*W), also in good
agreement with the previous optical estimation D* of
5. 910" mHz'?W at a bias of 83mV.

P-8i HIWIP FIR detectors have also been
demonstrated”'!, Figure 10 shows the spectral re-
sponse at 4. 2K measured at different forward biases
for 2 10-layer (645 A, boron doped concentration 2
K 10¥%cm~? p* layer and 1290 undoped i layer) p-Si
HIWIP sample. The detector shows high responsivi-
ty over a wide wavelength range with a peak respon-
sivity of 12. 3A/W at 27. 5um, detectivity D" of 6. 6
X 10" cmHz'"*' W, and cutoff wavelength of 48um.
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Fig. 11 Schematic of device geometry showing the inte-
grated phtotodiode-LED device with the CCD array for
the imaging. Keeping the spatial correlation with the in-
coming FIR photons, the emitted NIR radiation will
form an image in the CCD
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while boron is a substitutional acceptor n silicon

with an energy level of 44. 4meV (28. Oum).

4 DISCUSSION

The preliminary radiation exposure test of the
HIWIP detectors shows that they are radiation hard.
The detector’s gain"'?},capacitance characteristiest?),
and response time" " have also been studied in detail.
A comparison'™ with Ge;Ga photoconductive detec-
tors suggests that a similar or even better perfor-
mance may be obtainable. Preliminary results on low
doping concentration HIWIP detectors are promising
and show that HIWIP detectors have great potentiali-
ty to become a strong competitor in FIR applications.
It is clear that higher performance and longer A
(about 200um or higher) of GaAs and Si HIWIP FIR
detectors can be obtained with the emitter layer con-
centration in the order of 10®em ™3, It is also possible
to design detectors with wider wavelength ranges or
to have multicolor detectors by changing the adjacent
emitter layer doping concentrations.

Pixelless FIR imager can be made using integrat-
ed HIWIP detectors and light emitting diodes
(LED). and charge coupled devices {CCD}. The idea
here is to convert the FIR photons to near IR (NIR)
by driving the LED with the photocurrent output of
the HIWIP detector so that the imaging can be ac-
complished by commercial Si CCD cameras, as shown
in Fig. 11.In this respect, the photoexcited carriers
due to the FIR radiation should trigger the emission
of NIR photons from the LED with a high efficiency.
A photodiode or a photaconductor connected in series
with a LED will be the main device of the up conver-
sion idea. The integrated device consists of a GaAs
HIWIP FIR detector, on top of which is grown a
shorter wavelenegth InGaAs/GaAs LED.
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