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A molecular beam epitaxy grown wavelength tunable GaAsp1-i homojunction interfacial
work-function internal photoemission far-infrared detector is developed. The multilayer (p1-i -
p1-i - . . .! detector structures consist of 2, 5, and 10 emitter layers. Experimental results are
explained in terms of the number of emitter layers and the doping concentrations of the emitter
layer. A detector with 10 multilayers and an emitter layer doping concentration (Ne) of 331018

cm23 shows a current responsivity of 2 A/W, an effective quantum efficiency of 9.2%~at 26.3
mm! with a cutoff wavelength of 85mm and the noise equivalent power of 2.18310212W/AHz at
4.2 K. © 1997 American Institute of Physics.@S0021-8979~97!03207-6#
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I. INTRODUCTION

During recent years, considerable interest has arise
the development of internal-photoemission semiconduc
junction structures for the detection of IR photons. Vario
formats and modes of operation have been considered.1–3 It
was shown1 using commercial Sip-i -n diodes at 4.2 K, that
an interfacial work-function~IWF! (D), which determines
the detection cutoff wavelength defined aslc5l t ~threshold!
51.24/D for internal photoemission, exists at the interfa
and can be varied by varying the emitter (n1 or p1) layer
doping concentration (Ne). Pereraet al.

4 demonstrated much
longerlc’s for Si ~220mm!, Ge ~240mm!, and InGaAs~90
mm!, again onp-i -n diodes.

Recent modeling studies2,5 found that high performance
wavelength tunable FIR detectors could be realized if
emitter layer is doped above the metal-insulator~M-I ! tran-
sition value but below the critical value at whichD just
vanishes. These types of detectors are labeled homojun
interfacial work-function internal photoemission~HIWIP!
detectors.2 The basic structure of a single layer HIWIP d
tector consists of a highly doped emitter/absorber layer,
intrinsic layer, and a highly doped collector layer. Fig. 1~a!
shows the energy-band diagrams of a multilayer (p1-i -p1-
i . . .! structure under forward bias. The IWF
D5DEv2EF , with DEv being the major band edge offs
due to the band-gap narrowing effect2 and EF the Fermi
energy relative to the major band edge. A relationship
tweenD (lc) andNe has been obtained based on the hig
density~HD! theory.2

The total quantum efficiency (h) model2 for Si can be
used for GaAs with trivial modifications. For high intern
quantum efficiency, a thin emitter layer is needed so t
photoexcited carriers can be collected. The optimum em
layer thickness (We) results from the tradeoff of photon ab
sorption and hot electron scattering.2 To reduce undesired
modifications to barrier shape caused by the space-ch
effect, a thini layer with a low compensating impurity con

a!Electronic mail: phyuup@panther.gsu.edu
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centration is required.5 However, a too thinWi will lead to
increased direct tunneling which will dominate the dark c
rent. Theh could be further increased using multilayer stru
tures, due to the increased photon absorption efficiency
possible photocurrent gain enhancement.2 Calculations2 have
shown that Si HIWIP FIR detectors could have a perf
mance comparable to that of conventional Ge F
photoconductors6 or Ge blocked-impurity-band~BIB! FIR
detectors,7 and with unique material advantages. It is not
that the photodetection mechanism of HIWIP detectors
similar to that of other types of internal photoemissi
detectors,8 such as the Schottky barrier~3–5 mm! and the
Si12xGex/Si detectors~8–14 mm!. A stacked SiGe/Si HIP
multilayer detector was also demonstrated,3 showing en-
hanced photoresponse.

In addition ton- andp-Si, significant effective band-gap
shrinkage has also been observed for heavily do
p-GaAs.9 Better carrier transport properties of GaAs, such
higher mobility will translate into a higher gain, which ma
produce improved performance for this type of detect
Also, the recent rapid development of GaAs based lo
wavelength quantum-well focal plane array cameras m
GaAs another promising candidate for developing HIW
FIR detectors. The progress6 of n-GaAs FIR photoconduc-
tors has been slow due to difficulties in growing high pur
materials. Here we report for the first time the developm
of GaAs multilayerp-i HIWIP FIR detectors. Thep-type
dopant is Be which has an ionization energy of 28 meV
p-GaAs, and the residual impurity concentration in thei
layer is dominated by acceptors.

II. EXPERIMENTAL DETAILS

Four multilayer structures were designed as shown
Fig. 1~b!, with the device parameters listed in Table I. T
wafers were grown by MBE technology at a substrate te
perature of 560 °C. A 4000 Å bottom contact (p11) layer
was first grown on the undoped GaAs substrate, followed
a 1500 Å undoped (i ) layer. Then 2–10 periods of thin
emitter (p1) layers (We5150–300 Å! and i layers
1(7)/3316/4/$10.00 © 1997 American Institute of Physics
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(Wi51000–5000 Å! were grown, followed by a 3000 Å top
emitter layer and a 3000 Å top contact layer. The top a
bottom contact layers were doped to~2–4!31019 cm23, far
above the metal-insulator~Mott! transition value to ensure a
ohmic contact. The emitter layers were doped to (123)
3 1018 cm23. An optical window was opened on the top b
etching, for frontside illuminated operation. The thickness
the top emitter layer within the window is kept around 10
Å to reduce undesired photon absorption loss. Mesa
ments with various areas~from 4003400 to 8003800
mm2) were delineated by wet etching techniques. The c
tact was formed by deposition of Ti-Pt-Au. Secondary-io
mass spectroscopy~SIMS! measurements as evident fro
Fig. 2 show that the background acceptor concentrations
around 231016 cm23 for No. 9401,~2–4!31015 cm23 for
No. 9404, ~4–5!31015 cm23 for No. 9405, and~2–4!
31015 cm23 for No. 9406.

III. RESULTS AND DISCUSSION

Spectra were taken with a Perkin–Elmer system 20
FTIR spectrometer, with the samples mounted in a HD-
dewar with a 15mm cut-on cold filter. A Si bolometer wa
used as the reference detector to obtain the background s
trum and the responsivity. The bolometer, which has a
response up to;1 mm was calibrated using the load curve10

and found to be@3.460.03#3105 A/W, in excellent agree-

FIG. 1. ~a! Energy-band diagram of a multilayer HIWIP detector und
forward bias. Here,DEv is the valence-band-edge offset at thep1-i inter-
face due to the band-gap narrowing effect,D the interfacial workfunction,
and EF the Fermi level relative to the valence-band edge.~b! Schematic
structure of the multilayer HIWIP detector.p11 is the contact layer,p1 the
emitter layer, andi the undoped layer. A window is opened on the top s
for frontside illumination.
J. Appl. Phys., Vol. 81, No. 7, 1 April 1997
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ment with the responsivity given by the manufacturer~3.4
3105). Fig. 3 shows the spectral responses measured at
ferent forward biases for two samples of No. 9401 and N
9404. The long tailing behavior in the long wavelength r
gion reflects the nature of internal photoemission. The wa
length where the spectrum signal first reaches zero is
9261 mm for No. 9401 and 8361 mm for No. 9404, cor-
responding to theDs of 13.520.1

10.2 meV and 14.920.1
10.2 meV,

respectively. The wavelength at which the mean~of at least 8
curves! response first reaches the same level as the maxim
of the standard deviation of the spectra,~i.e., noise level!,
which we denote aslc , is 8561 mm for No. 9401~at 193
mV bias! and 7661 mm for No. 9404~at 91.5 mV bias! as
determined in Fig. 4. The inset in Fig. 3~a! show an Arrhen-
ius plot ~of dark current versus reciprocal temperature,! for
No. 9401 resulting in aD of 11.660.4 meV at 12 mV bias
~labeled 2! indicating lc is even longer than 92mm. The
discrepancy results mainly from the energy loss of the p
toexcited carriers by inelastic scattering prior to the carr
emission. For 6 mV bias~labeled 1! it is 11.260.4 meV. The
longerlc is reasonable since the experimental determinat

FIG. 2. SIMS profiles of our four Be-doped p-GaAs HIWIP detect
samples. The measurement for No. 9404 is not complete and the da
curve is the extrapolation. The background concentration of As is5

atoms/cm3 in all four samples.
act

re very
TABLE I. Parameters for four detector structures. Measured~from spectrum! interfacial work-function~D!,a

peak quantum efficiencyhp , NEP and calculated Fermi level from HD theory (EF). The valence-band-edge
offset is given byDEv5D1EF . Here,Wi , We , andWbi are the thicknesses of the intrinsic (i ), emitter
(p1), and bottom intrinsic (i ), respectively.Ne andNc are the doping concentrations of the emitter and cont
layers, respectively. The thickness of the top contact (p11), the top emitter (p1) and bottom contact (p11)
layers,Wtc , Wte andWbc were 3000, 3000, and 4000 Å, respectively, for four samples.

Sample
No.

Number
of layer

Wi

~Å!
We

~Å!
Ne

~cm23!
Wbi

~Å!
Nc

~cm23!
D

~meV!
EF

~meV!
DEv

~meV!
hp

%
NEP

~10212W/AHz!

9401 10 1000 150 331018 1500 ~2–3!31019 14.620.2
10.1 10.2 25.0 9.2 2.18

9404 10 1000 300 131018 1500 ~3–4!31019 16.820.3
10.2 4.9 21.7 4.8 2.77

9405 5 2000 300 131018 1500 ~2–3!31019 ;17.0 4.9 21.9 5.7 3.76
9406 2 5000 300 131018 1500 ~3–4!31019 ;17.0 4.9 21.9 2.5 11.50

aD ’s for two samples, No. 9405 and No. 9406, are rough estimates, since the corresponding spectra a
noisy.
3317Perera et al.



F
nc
he
al
n-
g
at
r
ot

va
5

e

f

e
4
Fi
on

ple.
in

ns.
in
that
-
nge
vi-

-
al
ley,

ce

nd
ncer-

yer
ent

yer
he

t
ht
tive
-
gth,
n-
ef-
cy.

re

l

f

ois

eri

es

gth
of zero response is determined by the noise as shown in
4. The responsivity curves show a strong bias depende
increasing significantly with increasing bias. However, t
bias cannot be increased indefinitely as the dark current
increases with bias.2 Thelc also shows a strong bias depe
dence in the low bias range as seen in Si HIWIP modelin2

The spectral response at reverse biases is similar to th
forward biases, but the responsivity is somewhat smalle
expected since the top emitter has no contribution to ph
current for the reverse bias case.

It is noted that the spectral response exhibits a deep
ley between 35 and 40mm. The valley minima are at 36.
mm ~34.0 meV! for No. 9401 and 36.6mm ~33.9 meV! for
No. 9404 corresponding to the transverse optical phonon
ergy in GaAs.11 The peak near 35mm associated with the
absorption minima at 36mm is a characteristic feature o
GaAs absorption and reflection curves.11 The sample No.
9401 exhibits a remarkably reproducible spike respons
59.5mm, which is not due to noise as is evident from Fig.
This becomes stronger with increasing bias as shown in
3~a!. It mainly has two origins: one is due to the phon

FIG. 3. Spectral response measured at 4.2 K for two samples at diffe
forward biases:~a! No. 9401 withNe5331018 cm23, showing a cutoff of
8561 mm. The deep valley at 36.5mm is due to the transverse optica
~TO! phonons of GaAs, and the spike at 59.5mm is mainly associated with
the defects in the surface or interfaces of the sample. The inset in~a! shows
an Arrhenius plot for No. 9401 indicating aD of 11.660.4 meV at 12 mV
~labeled as 2! and 11.260.4 meV at 6 mV~labeled as 1! corresponding to
an even longerlc . ~b! No. 9404 withNe5131018 cm23, showing a cutoff
of 7661 mm.

FIG. 4. ~a! Spectral response for No. 9401 taken at 235.7 mV repeated
8 times over a period of 5 h. The peak at around 60mm exhibit excellent
overlap in the 8 curves as seen, confirming that it could not be due to n
The dark line indicate the deviation~noise level! curve. ~b! The spectral
response for No. 9404 taken at 91.5 mV repeated for 16 times over a p
of 10 h, with the standard deviation~dark curve!. The insets in~a! and ~b!
are the blow ups of the marked area of the mean and the deviation curv
show the determination oflc .
3318 J. Appl. Phys., Vol. 81, No. 7, 1 April 1997
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vibrations and the other is due to the defects in the sam
Our experimental results show that it almost disappears
lower doped emitter layer samples@see Fig. 3~b!# and its
position also changes with different doping concentratio
This indicates that it is mainly associated with the defects
the surface or interfaces of the sample. It is expected
with the further increase ofNe , the effective spectral re
sponse could be moved to a much longer wavelength ra
far beyond the phonon wavelength, as shown by our pre
ous modeling work.2

The apparent peak wavelength (lp) and peak responsiv
ity (Rp) can be obtained from Fig. 3, even though their re
values may be hidden by the phonon-induced deep val
resulting in smaller apparent values for bothRp andlp . We
can see thatlp is independent of bias. The bias dependen
of apparent peak quantum efficiency (hp5Rp/0.806lp) for
the four samples is plotted in Fig. 5 for both forward a
reverse cases. Based on bolometer uncertainties, the u
tainty in Rp is around 0.8%. For No. 9401,hp59.2% at
193.2 mV, withlp526.3mm. For No. 9404,hp54.8% at
91.5 mV, withlp528.3mm. The obtainedh is higher than
the expected value for a single layer detector and theh of the
2-layer sample is less than those of 5-layer and 10-la
samples, demonstrating the quantum efficiency enhancem
due to multilayers. It is also noted that the measuredh of the
5-layer sample is even larger than that of the 10-la
sample. One possibility is due to the difference in t
window/mesa size~260/400mm for 5-layer and 620/800
mm for 10-layer! and the assumption of uniform inciden
light density used in the data analysis. A nonuniform lig
density over the larger mesa area will reduce the effec
h. Another possibility is that if the total emitter layer thick
ness is approaching the effective photon absorption len
further increasing the number of layers will no longer i
crease the absorption efficiency, while possible trapping
fects may decrease the photo-carrier collection efficien
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FIG. 5. Bias dependence of effective peak quantum efficiency (hp) mea-
sured for No. 9401~10-layer!, No. 9404~10-layer!, No. 9405~5-layer!, and
No. 9406~2-layer!. Thelp is 26.3mm for No. 9401 and 28.3mm for No.
9404. Thehp’s of No. 9405 and No. 9406 are measured at the wavelen
equal to thelp of No. 9404.
Perera et al.
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The net result is a reduction of effectiveh. The strong bias
dependence ofh results from the image-force and spac
charge effects,2,5 due to which the interfacial barrier max
mum moves toward the emitter interface with increas
bias; hence the barrier collection efficiency increases. Th
effects also result in a voltage-tunablelc by lowering the
barrier height with increasing bias. It is seen thathp in-
creases monotonically with increasing bias. For the sa
bias value, the forwardhp is larger than the reversehp ,
indicating the difference of absorption efficiency between
two cases. In addition, at the same bias, the sample wi
higherNe value shows a higherh value, which is due to the
increase in absorption efficiency.

Another two important parameters for the detectors
the noise equivalent power~NEP! and the dark current. Fig
6 shows the dark current-voltage characteristics at 4.2 K
the four HIWIP detectors. The relatively high dark current
No. 9401 detector at zero bias is due to its high dop
concentration of the emitter layers, while the much high
dark current in No. 9406 detector at zero bias is probably
to the severe edge leakage, resulting in poor photorespo
Using the measured peak responsivity and the dark cur
data, we can estimate the NEP of our GaAs HIWIP F
detectors. The estimated peak NEP values at 4.2 K and
50 mV forward bias are 2.18310212 W/AHz for No. 9401,
2.77310212 W/AHz for No. 9404, 3.76310212 W/AHz for
No. 9405, and 1.15310211 W/AHz for No. 9406. We can
see that the NEP value decreases with increasing doping
centration and multilayer number due to the increase of
sorption efficiency and multilayer effect described above

Up to now, there are no experimental data available
the band-edge shifts in any heavily doped semiconduc
due to band-gap narrowing~BGN! effect, even though the
total BGN value, which includes the shifts of both condu
tion and valence band edges (DEg5DEc1DEv), could be
obtained by the optical12 and electrical9 measurements
Based on the measured value ofD, the major band edge

FIG. 6. Dark current-voltage characteristics for the four detectors at 4.
The dark current at zero bias is 2.9531029 A, 6.03310210 A, 3.02
310210 A, and 9.4331028 A for No. 9401, No. 9404, No. 9405, and No
9406, respectively. Note that three curves for No. 9401, No. 9404 and
9405 almost coincide at low biases.
J. Appl. Phys., Vol. 81, No. 7, 1 April 1997
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offset at the p1-i interface can be estimated b
DEv5D1EF . The Fermi energy can be calculated using t
high-density theory.2 The values ofD, EF , and DEv are
given in Table I. By combiningDEv with DEg measured
with other techniques, the minor band edge offset can
obtained,DEc5DEg2DEv . It was shown that the calcu
latedEF values inp-type semiconductors are larger than t
actual values~especially for very high doping concentra
tions! which can be measured by the low temperature p
toluminescence~PL! spectroscopy.12 Therefore, it is ex-
pected that many important properties of heavily dop
semiconductors, such asDEg , EF , DEv , andDEc , could
be obtained by combining measurements of PL structu
and HIWIP detectors. One of the goals of our work is
fabricate and measure various detector samples with dif
ent emitter layer doping concentrations to obtain theD–Ne

relationship in a wide range, which is essential for the des
of HIWIP detectors.

IV. CONCLUSION

In summary, we have demonstrated for the first time
HIWIP concept using MBE grown GaAsp1-i multilayer
structures. The test samples show high photoresponse d
multilayer enhancement. The cutoff wavelength is tunable
changing emitter layer doping concentration (lc increases
from 76 to 85 mm as Ne increases from 1 to 331018

cm23!, and is also voltage tunable. The NEP of the detect
has also been estimated to be of the order of 10212 W/
AHz. Preliminary results obtained are promising and sh
thatp-GaAs HIWIP detectors have great potential to beco
a strong competitor in FIR applications. Based on these
sults, it is possible to design detectors with wider wavelen
ranges or to have multicolor detectors by changing the a
cent emitter layer doping concentrations.
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