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In order to tune the wavelength of a lattice-matched quantum well infrared photodetector (QWIP) over the
range 3-20 um, new designs are demonstrated for the first time which utilise Al,Gayn; . ,As layers lat-
tice-matched to InP and grown by gas-source molecular beam epitaxy. We demonstrate 8, 13, and 18— um QWIPs
using the lattice-matched n—doped (Al,Ga;_.)p4slng.s:As /InP system. We also review QWIP structures of
Gay y47Iny 53As/Aly 45lng s,As grown on InP substrate with peak photoresponse at 4 um. Combining these two ma-
terials, we report the first multicolour detectors that combine lattice-matched quantum wells of Gay 47In 53As/
Al 4slng s:As and Gay 47Ing s3As/InP. Utilising two contacts, a voltage tunable, lattice-matched, two colour
QWIP with a peak wavelength of 8 um at a bias of V = 5 V and a peak wavelength of 4 um at V = 10 V is demon-
strated. Using the measured noise data for Gay 47In s;As/InP detectors, we have calculated the thermal genera-
tion rate, bias-dependent gain, electron trapping probability, and electron diffusion length. The calculated ther-
mal generation rate (~ 7 x 102 em™s!) is similar to Al,Ga, ,As/GaAs QWIPs with similar peak wavelengths,
but the gain is 50 times larger, indicating improved transport and carrier lifetime are obtained in the binary InP

barriers.
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1. Introduction

The proliferation of powerful, inexpensive com-
puters and new sensor technologies that are respon-
sive to the infrared (IR) regions of the electro-magne-
tic spectrum has made possible many new detector
applications. Research groups working in image pro-
cessing are showing increased interest in fusing the
information from various sensor combinations, such
as IR and visible, or multiple-IR bands. Military ap-
plications driving the demand for sensor fusion in-
clude automatic target detection, definition, and rec-
ognition as well as night vision and surveillance im-
agery. Alongside this is the rapid growth in the civil
and commercial fields of applications of this technol-
ogy which stretch from crime prevention to crop dis-
ease detection.

One of the major problems encountered when at-
tempting to assemble a multi-band sensor is that sin-

e-mail: razeghi@ece.nwu.edu

Opto-Electr. Rev., 7, no. 1, 1999

AlGalnAs/InP QWIPs, infrared photodetectors, multicolour detectors

gle-band images must be registered to achieve a good
fused image. Even if the sensors have matching
fields-of-view, complete pixel registration cannot be
achieved. Differences in rotation, lens magnification,
chromatic aberration, and distortion can all lead to
pixel misregistration. Generally, two non-registered
images must be registered using computer-processing
techniques to stretch the images and interpolate the
pixel values; a computationally intensive operation
that cannot easily be achieved in real-time.

The more elegant approach to multi-band imaging
is to perform the sensor fusion at the focal plane level.
This eliminates the need for pixel registration, pro-
vided that an appropriate multi-band detector array
can be monolithically integrated on a single substrate.
Two-colour infrared detectors designed for dual band
applications often require integrated mid-wavelength
infrared (MWIR) and long-wavelength infrared
(LWIR) focal plane arrays. This objective has been
difficult to achieve due to the lattice mismatch be-
tween commonly used interband MWIR and LWIR
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infrared materials such as InSb and HgCdTe. For this
reason, stacks of lattice-matched multi-quantum well
intersubband photodetectors have been proposed for
use in multicolour infrared detectors.

The quantum well infrared photodetector (QWIP)
is based on intersubband absorption by confined car-
riers in multiple quantum wells. QWIPs have a nar-
row absorption spectrum that can be tailored to match
any transition in the 3-20 pm wavelength range by
adjusting the quantum well width and barrier layer
composition. More important, it can be made using
mature ITI-V semiconductors based on gallium arse-
nide (GaAs) or indium phosphide (InP).

Since infrared absorption due to intersubband tran-
sitions was first observed in multiple quantum well
(MQW) structures [1], quantum well infrared photo-
detectors and arrays based on this principle have be-
come a competitive infrared technology [2]. Because
of the extensive scientific and commercial exploration
of the AlGaAs/GaAs material system over the past
decades, the application of this technology to 8-12-
pm long-wavelength infrared (LWIR) MQW detec-
tors has rapidly reached commercial maturity.

Recently, other material systems have been inves-
tigated. For some applications, MQW detectors lat-
tice-matched to InP substrates have several advan-
tages in comparison to LWIR MQW detectors com-
posed of GaAs/AlLGa;_,As:

1. The effective mass of electrons, which governs
the drift mobility and tunneling properties,
amounts to 0.042m, in Gag 47 Ing s3As compared
to 0.067m, GaAs, where m, is the free-electron
mass;

2. Mid-wavelength infrared (MWIR) 3-5 pm
Gag 47Ing 53A8/Al 4gIng s,As quantum well detec-
tors are lattice-matched with LWIR Gay 47Ing s3As/
InP QWIP detectors, allowing a 2-colour MWIR-
-LWIR lattice-matched detector stack to be
grown on InP. This minimum intersubband ab-
sorption wavelength that can be achieved in
GaAs/Al,Ga;_ ,As QWIPs is 6 pm [3].

Since the photoresponse spectrum of an
Gag 47Ing 53As/InP QWIP has a maximum at approx-
imately 8 um [4], the use of Ga,In;  As,P,.y quan-
tum wells has been studied [5] to allow longer wave-
length (A ~ 12 pm) detection. Because the AlGalnAs
material system covers approximately the same
bandgap energies as GalnAsP, it is interesting to
compare the hot electron transport and performance
of quantum well infrared photodetectors fabricated
from these two materials. In this paper, we demon-
strate that high quality quantum well infrared
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photodetectors in the 3-5 pm, 8-12 pm, and
12-20 pm spectral bands can all be grown on InP
substrate using gas-source molecular beam epitaxy
of Al,GayIn;_,_ As materials.

2. Quantum well infrared
photodetector design and operation

2.1. Background

Suggestions to use optical transitions between
quantum confined subband states for infrared (IR)
applications were made in the early days of quantum
well research [6,7]. The study of intersubband opti-
cal transitions in doped MQWs was motivated by
possibilities of fabricating high-speed sensitive IR
photodetectors and fast modulators. The first obser-
vations of intersubband transitions were made by
West and Eglash [1] in GaAs-AlGaAs multiple
quantum wells (MQWs). The first unambiguous
demonstration of a quantum well infrared photo-
detector (QWIP) was also made in GaAs-AlGaAs by
Levine et al. at AT&T (now Lucent) Bell Labora-
tories [8]. Since that publication, other groups have
studied intersubband optical transitions in quantum
wells of GaAs/AlGaAs (for a review see Ref. 9),
GalnAs/AllnAs [10], GalnAs/InP [4,11-14], GaAs/
GalnP [15-19], and SiGe/Si [20]. Both conduction
band (n—type) and valence band (p-type) quantum
wells have been studied, although the large effective
mass results in poorer responsivity for the p-type de-
vices. For that reason, this review will focus on
n-type devices only.

2.2. Overview of intersubband detector
operation

The cross section of a typical QWIP device is
shown in Fig. 1. The operation of an n—type QWIP is
easily summarised using the bandgap profile shown in
Fig. 2. Upon application of an electric field, incident
photons excite electrons out of the quantum wells,
creating a photocurrent. The wells are doped to pro-
vide a population of carriers in the ground state
subband. The device operation of QWIPs is similar to
that of conventional semiconductor photoconductors.
The distinct feature of QWIPs is that incident photons
are only absorbed in discrete quantum wells, which
are much narrower in width than the inactive confine-
ment barrier regions. Other quantitative differences
between QWIPs and conventional intrinsic or extrin-
sic photodetectors are that QWIPs possess high oper-

© 1999 COSiW SEP, Warsaw



Emitter

. .
— well 9
[ ] — barrier !
Ve | aw
_______ Region
= T L

Conector

Fig. 1. Cross-section of a typical QWIP structure.

ating electric fields, long carrier mean free paths in
comparison to the device thickness, and high device
speeds. Furthermore, unlike most conventional
photoconductors, QWIPs have highly nonlinear cur-
rent-voltage characteristics.
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Fig. 2. A conduction band potential diagram for an n-type
QWIP illustrating the sources of dark and photocurrents.

The peak internal quantum efficiency n, of a
bound-to-bound QWIP for unpolarised light is given

by [21]
eﬂ (1)

where s is the number of times a photon passes
through the detector, N is the number of periods in the
MQW structure, Ny is the doping density in
10'8 ¢cm=3, W is the well width in A, T is the absorp-
tion line width broadening factor in meV, 6 is the an-
gle of the light with respect to the normal to the quan-
tum well, and fg is the oscillator strength, = 1.

N Wf, sN
Wi %|:1 - exp[—3.258 x107 ,,71}:@5 sin’
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When a light beam propagates normal to the quan-
tum well layers, © = 0° and there is no appreciable
intersubband absorption. Unfortunately, most detector
applications rely on this incident geometry. There-
fore, in actual detector applications where normal in-
cident geometry has been adopted, the incident light
must be redirected inside the sample (i.e. 6 > 0) based
on certain coupling schemes in order to achieve ab-
sorption.

Once the quantum efficiency is known, the num-
ber of carriers generated by incoming photons is
given by

N = NQOA, (carriers/second) )

where Q is the photon flux density and A is the de-
tector area in units of cm?.

However, not all of the generated carriers will ac-
tually arrive at the contacts and contribute to the
photocurrent signal. The total number of photoexcited
carriers “alive” at any time is the produce of their
generation rate times their mean lifetime. Thus, the
carrier concentration n is the total number of carriers
alive divided by the volume of the sample

Nz
n=——r 3)
AL
The photodetector current is the product of the car-

rier concentration n, the mean drift velocity vg, the
charge e on the electron, and the detector area Ay

[ =nevA, 4)

The mean drift velocity is defined as the mobility
p times the electric field E. E is calculated as the volt-
age V across the detector divided by the inter-elec-
trode spacing L

Vg =uE 5)

Combining equations (2)—(5) together gives the
photocurrent

E
=104, % = n0A eg ©)

The quantity ptE/L is dimensionless and is named
the photoconductive gain. Depending on the design of
the QWIP detector and operating bias, it can be as
large as several hundred or as small as one-hundredth.
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2.3. Optical coupling requirements for
QWIPs

QWIPs do not absorb radiation incident normal to
a wafer surface since the light polarisation does not
have an electric field component normal to the growth
direction, as it is required for absorption by the con-
fined carriers, see Eq. (1). As a consequence, single
QWIP detectors are usually illuminated through a 45°
polished facet [22], Fig. 3(a). Two-dimensional arrays
based on etched facets have been demonstrated by
Chen et al. [23]. Efficient light coupling can also be
achieved by reflecting the IR radiation off of mono-
lithically integrated gratings, Fig. 3(b). This techni-
que, developed by Sarusi et al. [24,25], and Ander-
sson et al. [26,27], is utilised in current commercially
available QWIP IR imaging sensors.

(a) 45°-Edge-coupled QWIP

quantum wells have previously been reported. Since
the devices presented in this section are the first ever
demonstrated, a comparison is instead made with the
Ga,In;_4AsP_,/InP QWIPs reported by Gunapala,
et al. [5].

The growth of the AlGalnAs alloy is relatively eas-
ier than GaInAsP due to the following reasons [31]:

1) only one group V element (As) is incorporated,
avoiding the problem of As/P ratio control;

2) composition of the layer is controlled by each
constituent element flux intensity [32],

3) near-unity sticking coefficients of the three group
TII elements facilitate reproducibility of composi-
tion.

The bandgap of AlGalnAs alloy can be engi-
neered between the emission wavelengths of the two
boundary ternary alloys, namely; Gag47Ings3As

(b) Grating-coupled QWIP

Multiple quantum-well
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Fig. 3. Different light-coupling mechanisms used in QWIPs: (a) 45° polished facet, (b) two-dimensional gratings (after

Ref. 9).

3. Growth and characterisation of
AlGaIlnAs/InP-based materials

Although two quaternary ITI-V systems are avail-
able for InP-based opto and microelectronics:
Ga,In;_(As/P,_, and Al,GayIn;_,_ As, only the for-
mer has been extensively studied. However, the
Al,GayIn;_,_yAs system is seen as a possible re-
placement for Ga,In;_,As,P;_y alloys in some lasers
and photodetectors because the concentration of
only two (Al and Ga) of its constituents need to be
adjusted to vary the bandgap while retaining lattice
matching, whereas in the Ga,In;_ As/P_, system
the ratio of all four of its constituents must be al-
tered. A number of investigators have demonstrated
the growth of Al,GayIn;_,  As alloys on InP sub-
strates for a variety of electronic device applications
[28-30], but no QWIPs using AleayInl_x_),As/InP
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Fig. 4. Any InP lattice-matched AlGalnAs quaternary Q(z)
can be obtained by superimposing either lattice-matched or
mismatched ternaries.
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Material RHEED Growth Temperature relative to (2 x 1) to Group V flux Growth rate
pattern temperature (K) (2 % 4) transition (sccm) (A/min)
AlGalnAs | 2x4) 500 Tr+ 30 5 220

(0.76 eV, 1.63 pm) and Al 4gIng5,As (1.46 eV,
0.85 pm). Thus any alloy composition can be con-
sidered a pseudo-binary superposition of Ga,In;_ As
and AlyIn;_,As, as shown in Fig. 4. The bandgap of
(Al,Ga;_,)g.48Ing 50As lattice-matched to InP is
shown in Figure 5 as a function of aluminum compo-
sition X.

The (Al,Ga,_,)g 45Ing 5,As growth conditions used
for the QWIP detectors reported here are given in Ta-
ble 1.
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Fig. 5. Bandgap energy of AlGalnAs alloys lattice-matched
to InP as a function of Al mole fraction.
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4. Characterisation and analysis of
AlGalInAs/InP and GalnAs/AlInAs QWIP
detectors

4.1. Device design

The device parameters of the QWIPs studied are
listed in Table 2, where Ly represents the barrier
width, Lyy is the well width, and Np, denotes the donor
doping concentration of the quantum wells. The wa-
fers were grown using an EPI modular Gen-II gas-
-source molecular beam epitaxy system equipped
with arsine and phosphine sources for As and P. Me-
tallic gallium and indium were used for group III ele-
ments. The devices were grown on semi-insulating
InP (100) substrates. After epitaxial growth, standard
photolithographic process is used to fabricate mesa
photodetectors.

A square active area of 1.6 X 10~ cm? was defined
and 1600 A-thick AuGe/Ni/Au ohmic contacts were
deposited by electron beam evaporation and patterned
using a lift-off process.

4.2. Detector characterisation

4.2.1. Long-wavelength InGaAs/InP QWIPs

The spectral response of QWIP-A at 80 K was
measured using a Mattson Fourier transform IR
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Fig. 6. Normalised spectral response at T = 80 Kand V=10
kV/cm bias demonstrates a peak at 8.1 pm for QWIP-A.
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Table 2. Device parameters for the measured QWIPs

QWIP Barrier material Ly A) Well material Ly (A) Np (em™) Periods
A InP 56 Ing 5:Gay 47As 500 5%x10"7 20
B InP 60 Ing5;Gag 47A8 500 5%10"7 20
C A10_431n0|52AS 30 Inﬂ_53Gaol4?AS 400 2x 10]3 25
D AIUAgInD_SzAS 35 Inn_ssGao_‘ﬂlAS 400 2x1 DIS 25
E A10_481[]ﬂ_52AS 40 ]]10_53GaOI4?A5 400 2><1018 25
F InP 60 InoszGa.o33AlulA5 500 5)<I.017 25
G InP 65 Ing.53Gag 33Al15As 500 5%1017 25
8- 2 The photoresponse peak is found to be 8.1 pm and
7 " the 50% cutoff wavelength is 8.5 pm. The absolute
64 / responsivity is shown in Fig. 7 as a function of bias.
g 51 . The peak responsivity value of 7.5 A/W at 5 V re-
= / ' verse bias is approximately one order of magnitude
= Va higher than that typically obtained in GaAs/AlGaAs
S 37 a QWIPs. The specific detectivity (D*) and noise cur-
%L 2 rent of the QWIP at 80 K are shown as a function of
CEgy applied electric field in Fig. 8. The maximum D* of
04 gLl L the QWIPs measured in this work was found to be
1. 5 x 10" cmHz!?W-! at 1.2 V.
-6 -4 -2 0 2 4 6
Bias (V) 4.2.2. Mid-wavelength infrared

Fig. 7. Responsivity for InGaAs/InP QWIP-A at T =77 K as
a function of bias.

spectrometer (GL3020). Absolute responsivity was
measured using a Mikron blackbody source (M305)
chopped at 500 Hz and an EG&G 5209 lock-in am-
plifier. The blackbody temperature was 800 K. Peak
responsivity was calculated by integrating the nor-
malised spectral response with the blackbody res-
ponsivity. The normalised spectrum under an ap-
plied electric field of 10 kV/cm is shown in Fig. 6.

GalnAs/AllnAs QWIPs

In order to determine the wavelength range at
which GalnAs/AlInAs QWIPs can operate, we have
calculated the energy levels in GalnAs/AllnAs MQW
structures. For this calculation, we have assumed my; =
0.041mgy, My,ie; = 0.075m,, Egprgpen = 1.508 eV,

0.6 T T T v T
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n=1level
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Fig. 8. Noise and detectivity for InGaAs/InP QWIP-A at
T =77 K as a function of bias.
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Well width (A)

Fig. 9. The calculated two first electron levels in GalnAs/
AllnAs quantum wells (solid lines) vs well width. Experi-
mental data points obtained for samples C-E are shown as
well.
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Eg77kvarrier = 0.801 €V, and AE, = 0.5 meV. In Fig. 9
the n = 1 and n = 2 electron energy levels are plotted
versus the well width. The n = 2 level is confined to
the well for well widths larger than 35 A, and is an ex-
tended state for narrower wells. For wells thicker than
35 A the intersubband absorption energy is calculated
from the energy difference between then =1 and n =2
states. For narrower wells the absorption energy is cal-
culated from the difference in energy between the con-
fined n = 1 and the center of the continuum band. The
experimental data points for samples C-E are also
shown, demonstrating good agreement with our model
calculations.
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Fig. 10. Measured spectral responsivity of samples C-E at
T =77 K with 1 V reverse bias.

The result of the measurement is shown in Fig. 10.
All three samples have significantly narrower spec-
trum than reported for strained Gagglng,As/
Al 3gGag o As QWIPs [33]. The difference in spectral
width when the well is changed from L, = 30 A to
40 A is in excellent agreement with our theoretical
calculations. According to the calculations, the first
excited state for the 30 A sample is in the continuum,
resulting in a broad absorption spectrum. On the other
hand, the excited state in the 35 A sample is just
slightly bound (quasi-bound), and in the 40 A sample
is more strongly bound. In either case, the inter-
subband absorption for both is narrow in excellent
agreement with experiment. To our knowledge, the
spectral width (AL = 0.13 um) of sample E is the nar-
rowest reported for a QWIP.

Opto-Electr. Rev., 7, no. 1, 1999
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4.2.3. Very long-wavelength AlGaInAs/InP
QWIPs

For these experiments, three structures were grown.
The AlAs mole fraction of the Al,Gag 45 ,Ing soAs ma-
terial and the quantum well width for the three sam-
ples were (x =0, 56 A), (x=0.1,60 A), and (x =0.15,
65 A) respectively, as listed in Table 2.

The responsivity spectrum of the three samples
measured at T = 10 K are shown in Fig. 11. For a bias
of =1 V (mesa top negative), the 50% long wave-
length cutoff wavelengths for the three samples were
8.5, 13.3, and 19.4 pm, respectively. The peak and
cutoff wavelengths, and linewidth AA/A for the three
samples are given in Table 3.

Table 3. Spectral response parameters for the three samples stud-
ied

| Sample | Peak wavelength | Cutoff wavelength FWHM
(pm) (um) (AMA)
_1-'; 8.1 8.5 12.5%
12.7 13.3 8%
G 19 i 19.5 9%

The bias dependence of the responsivity was mea-
sured for samples A and F at T = 77 K and the results
are shown in Fig. 12 for both positive and negative
bias. The responsivity of sample G was too low to be
measured at T = 77 K. The peak responsivity at -1 V
of the AlyGagagIng spAs/InP QWIP (sample F) was
0.37 A/W. This is comparable (20% higher) to the
GalnAsP/InP QWIP (1.3 pm bandgap, Ly, = 63 A) re-
ported by Gunapala et al. [5] which had a similar

1.0F - 3
T=10K

308r x=15% T

@

2

g 06 ]

g

§0.4- ]

T

E

S o2} M )

0.0 . . ——dC N

20 25

w

10 15
Wavelength (um)

Fig. 11. Normalised spectral response for Al, Gay) 45 Ing 50As/
InP QWIPs with x =0, x =0.1, and x = 0.15 mole fraction of
AlAs. )
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Fig. 12. Bias dependence of peak responsivity measured at
T =77 K for InGaAs/InP (sample A) and Aly 1 Gag 3gIng spAs/
InP (sample F) QWIPs,

13.2 pm cutoff wavelength. It is worth noting the
responsivity for these samples is approximately five
times as large as the best responsivity measured for
GaAs/AlGaAs QWIPs.

The noise current, i, of the Al ;Gag 3gIng s,As/InP
and Gag47In s3As/InP QWIPs was measured at
T = 77 K as a function of bias voltage using a spec-
trum analyzer and found to be i, = 80- and 0.4-pA, at
bias voltages of Vg = —1 V. The peak detectivity,
D}, can now be calculated from D) = RJAAf /i,

where A = 1.6 X 10-*cm? is the device area and Af = 1
Hz is the bandwidth. At an operating bias of Vg =
-1 V and T = 77 K the measured values for the
Al 1Gag 35Ing s,As/InP QWIP are Rp = 0.37 A/W, i,
= 80 pA/Hz!? and thus D* = 1 x 10° cmHz!?W-1.
The detectivity of the first sample (Gag 47Ing 53As/InP
QWIP-A) at T = 77 K and Vg = -1 V is D* =
4 x 1010 cmHz!2W-1,

Using the spectral response data obtained for these
samples, it is possible to estimate the conduction band
offset for the Al,Gag4g Ings,As/InP heterojunction.
The cutoff wavelength for samples A, F, and G corre-
spond approximately to the energy separation
AE = E, — E, for the three aluminum compositions,

0.30 7 T T
\ Harrison model

s 0251 Simple A / i
@
o 0.204 .
£ \
=]
5 0.15 Sample F E
L
S g le G
"§ 0.10 e Type | to Type Il .
g transition expected
S aty=0.27
S 0.05- : -

0-00 T L} r

0.0 0.2 0.4

Al fraction x in Al,Gag 4g.xINo.50AS

Fig. 13. Conduction band offset values calculated from
samples A, F, and G as a function of Al fraction y in
Al Ga  43_4Ing 5pAs. Also shown is a theoretically derived
curve by Ishikawa et al. [36].

y=0(A),y=0.1(F), and y = 0.15 (G). The energies
of the first and second allowed states for these
AlGalnAs/InP samples can be calculated for several
possible conduction band offsets using the well widths
given in Table 2. The E, of Al,Ga 43 «Ings;As layers
was reported by Fujii et al. [34], and changes linearly
from 0.75 eV to 1.47 eV with increasing x. The elec-
tron effective mass (m,) of Al,Gay 4g ,IngspAs layers
was reported by Olego et al. [35], and changes lin-
early from 0.041 to 0.075 with increasing x. In Table
4, the conduction band offset that best fit the cutoff
wavelength observed in Fig. 11 are listed.

A plot of the fit conduction band offset as a func-
tion of aluminum fraction is shown in Fig. 13. The
data from samples A, F, and G are indicated in the
figure. The line is the band offset predicted by the
Harrison model as applied by Ishikawa et al. [36,37].

From the experimental data for these QWIPs, it
would be expected that the transition from type I
quantum well to type II staggered quantum well for
Al,Gag 45_,Ing s,As/InP heterojunctions would occur
at x = 0.27. This is below the value (x = 0.33) pre-
dicted by the experimental model, which is based on
an interpolation from binary data for InAs, GaAs, and

Table 4. Conduction band offset and band offset ratio calculated for samples A, F, and G

Sample Composition Well width Conduction band offset, Offset ratio
- (A) AE, AE/Eq
A Gag 47Ing 53As 56 229 meV 0.37
AlyGag 3glng sAs 60 146 meV I 0.29
G Aly 15Gag 33Ing 5,As 65 103 meV | 0.235

8 Opto-Electr., 7, no. 1, 1999
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AlAs, but larger than other recent experimental re-
sults for GSMBE-grown material; x = 0.18 calculated
from interband absorption by Kawamura et al. [38],
and x = 0.23 calculated from Shottky diode dark cur-
rents by Chua et al. [31]. Because intersubband ab-
sorption is very sensitive to the conduction band off-
set, the measurements presented here represent an ac-
curate method for determining this type I-to—type II
transition composition.

4.2.4. Dual-colour AlGalnAs/InP QWIPs

A sample was grown for multispectral absorption
in both MWIR and LWIR regions by including multi-
ple quantum wells of both Gag 47Ing s3As/
Alj4gIng spAs and Gag 47Ing s3As/InP. Because the
mask utilized in this work allows only one contact to
be made to the mesa, the two MQW detectors are
placed in series. At low biases, the electric field is ap-
plied mostly across the lower-resistance GalnAs/InP
MQW. At higher biases, the electric field is applied
across both MQWs, but the GalnAs/InP MQW is un-
der such high field that no response is observed. Most
carriers in the ground state tunnel out before absorp-
tion occurs, resulting in low LWIR photoresponse. A
schematic of the processed device is shown in Fig. 14.
The spectral response of this dual-band detector is
shown in Fig. 15. for several biases. For biases sma-
ller than 10 V, the photoresponse in the 3-5 pm region
is too noisy to resolve. For biases greater than ~ 7 V,
the photoresponse in the -9 pm region is no longer ob-
served.

InGaAs n' top contact

LWIR A~8.5 um

MWIR A~4.0 pm

InGaAs it bottom contact

Fig. 14. Schematic diagram of a processed two-colour
detector.
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Fig. 15. Voltage dependence of the spectral response for the
two-colour detector, measured at T = 77 K.

4.3. Analysis

In order to determine quantitative information
about the transport properties of typical QWIP de-
vices, the current and resistance were measured at
T = 80 K as functions of applied voltage using an HP
4155A semiconductor parameter analyser with the de-
tectors shielded (i.e. dark). The current-voltage curve
for QWIP-A is shown in Fig. 16.

10 7
&E 14 1300
< 1074 g
£ 102 200
E 1079 é
t 10-4] 3
g 1100 @
3 10-5‘! s
x
s 10
o 10

10'?1

6

Bias (V)

Fig. 16. The dark current and differential resistance vs
applied bias for QWIP-A at T = 80 K.

The activation energy, E,, has been calculated
from the slope of In (Ipsrk/T) versus 1/T. The result
is shown in Fig. 17. An activation energy of 138 meV
is obtained for temperatures above 80 K. The ex-
pected cutoff wavelength calculated from this energy,
A. = 8.9 pm, agrees well with the cutoff wavelength
of 8.5 pm shown in Fig. 6.

C. Jelen 9
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Fig. 17. Activation energy for thermal dark current.

4.3.1. Analysis of the noise spectroscopy data
Current noise

The photocurrent in a QWIP is given by equation
(6), where Q is the incoming photon flux, m is the
quantum efficiency, and g is the gain of the device.
To determine g, dc or noise measurements can be em-
ployed. The dc method requires a measurement of the
absorbed photon flux, i.e. the product Qn. This mea-
surement is complicated since a fraction of the incom-
ing light is reflected and absolute power levels are
difficult to measure accurately. Noise measurements
provide an elegant alternative.

Shown in Fig. 18 is the current noise spectrum for
QWIP-A at T = 80 K and bias of 0.1 V. The noise
measured at frequency f > 100 Hz shows a plateau in
the noise spectrum. The decrease for f > 10 kHz is

G
8
= " e
o
3
[}
R
(=]
=z
100 1000 10000
Frequency (Hz)

Fig. 18. Noise current spectrum measured for QWIP-A at
0.1 Vbiasand T =77 K.
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Fig. 19. Noise measurements for QWIPs-A and -B at
T =77 K as a function of bias.

due to the bandwidth limitation of the amplifier. In or-
der to understand the source of noise, the noise cur-
rent was measured for different bias voltages.

The bias dependence of the magnitude of the noise
at 500 Hz is shown in Fig. 19. The QWIP noise cur-
rent is due to fluctuations in the trapping and
de-trapping rates of electrons in the quantum
well-bound states, and corresponds to genera-
tion-recombination (GR) noise is bulk photo-
conductors. Two regions in graph are apparent. Near
zero bias, the current noise is only weakly dependant
on applied bias. In this region, the magnitude of the
current noise spectral density conforms to the
well-known Nyquist expression as predicted by Rose
[39]:

1
Sy = 45T ——4f 7)

a

Nyquisr

where kg is the Boltzmann’s constant, and R, is the
small signal resistance given in Fig.16. The noise val-
ues calculated for QWIPs A and B using (7) are
shown as dotted lines in Fig. 19.

At moderate voltages, the noise current begins to
increase with increasing applied bias. The critical bias
V. where the noise current becomes bias dependant is
given by [40]:

V- = LLdﬂ'i’c‘e (8)

where L is the distance travelled by an excited-state
electron before it is recaptured by into a quantum
well, and L. is the total device length (which
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equals (Ly + Lg)N, where N is the number of periods
in the MQW). Although it is difficult to exactly deter-
mine V¢ from Fig. 19, we infer Vi = 0.2-0.3 V for
both samples. At this bias, the noise current is 2x
larger than that predicted by Eq. (7). This results in
Lp = 350400 A for both samples. Thus, for bias volt-
ages smaller than V., most of excited state electrons
are recaptured in the same well they were excited
from. This determinism results in an external photo-
current noise dominated by thermal fluctuations.
When the critical bias is exceeded, excited electrons
transport to the next-nearest neighbour well or farther,
and the photocurrent noise due to random fluctuations
in the trapping and de-trapping rates of electrons
grows rapidly.

Photoconductive gain

The spectral density of the dark current noise as-
sociated with the generation-recombination and
trapping of carriers in a photoconductor is written
as [39]

Sidark = 461(!0:&3»01’3:' (9)

where g is the noise gain. It has been shown that
Znoise = Ephoto [40]. Accepting the above stated equiva-
lence, the value of gy, for QWIPs A and B have
been calculated from noise measurements. Care has
been taken in this case to ensure that the noise associ-
ated with the trapping and generation is measured,
and not excesses 1/f noise or another noise contribu-
tion. In Fig. 20 we plot the noise gain for both sam-
ples. For both devices the noise gain increases with
increasing bias voltage.

102 — ———— .
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10-3-§ L .OW”:_B_
0 1 2 3 4 5
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Fig. 20. Photoconductive gain as a function of bias for

samples A and B at T =77 K.
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Electron trapping probability

This electron trapping probability can be ex
pressed in terms of the noise gain [41] as
o 4 (10)
1+ Ng

P

where p is the electron trapping probability of a single
well, N is the total number of wells of the device, and
g is the gain. The trapping probability versus bias
voltage is plotted in Fig. 21.
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Fig. 21. Electron trapping probability versus applied bias
voltage at T = 77 K.

Hence, the following picture emerges. Electrons
are thermally generated in the quantum wells, produc-
ing locally an excess electron density in the extended
conduction states, which subsequently spreads out
into the MQW regions. The extended-state electron
trajectory Lp, which might be affected by collision
and/or tunneling (these noise measurements cannot
discriminate between the two modes of transport), is
terminated by trapping in a quantum well. At zero o1
low electric fields, this turns out (on average) to be
same quantum-well that the electrons originate from
or the next-nearest neighboring well. At higher field:
the electron trapping probability becomes smaller dut
to field-assisted lowering of the MQW barriers
thereby improving the coupling to the external circuil
and increasing the gain and current noise level.

Theoretical interpretation
We define the electron lifetime in the conduction

band to be T, and in the ground state of the QW to be
T, We also define the total number of electrons in the

C. Jelen 11
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conduction band to be P,, and in the well is Py. In
equilibrium, the average number of electrons gener-
ated from the QW ground state should equal the aver-
age number of electrons recombining from the va-
lence-band extended states. Thus

E f 75
G=Ror—%t=-2
TW To

The particle number spectral density (Am"”)2 =
S, (f)Af where Sp(f) is according to van der Ziel [42]

Tl

1+o%t?

S,(f)=4G (12)

where T = T, + Ty, and G is the electron generation
rate (s7!) from the quantum well ground state to the
conduction band extended state.

At low temperatures, the total number of holes in
the conduction band is much smaller than the number
of electrons in the QW ground state because the barri-
ers are undoped. Therefore T, << Ty, resulting in
T = 1,. This implies that the particle number spectral
density at low frequencies is

S,(0) = 4Gt; (13)

In these n—type QWIPs with undoped barriers, the
number of mobile electrons in the conduction band is
equal to the number of electrons excited from the
quantum well ground state (assuming there are no
trap states emitting carriers). Therefore, dark current
is defined as

P
I, = Aenv = ev~L—" (14)

Here v is the average electron velocity, n is the carrier
concentration in the conduction band, L is the total
device length. Using the photoconductive gain, de-
fined as g = v1,/L, Eq. (6), the dark current can also
be written as

P, £
T =evf"=eg—"—=egG (15)
t

o

Current fluctuations are related to number fluctua-
tions by equation (14), i.e., Al = (ev/L)AP,. Thus, the
current noise spectral density S; is defined as

12 Opto-Electr., 7, no. 1, 1999

ary

(16)

In the absence of an applied electric field, the dif-
fusion length Ly is the distance a carrier diffuses be-
fore recombining into quantum well ground states.
Therefore the current noise in the diffusion dominant
regime can be expressed as

2 Ta""z 2+ Lo i 17
S, =4e’G| | =4e*G| > an

When a sufficient bias is applied, transport is drift
dominated and equation (17) no longer applies.

By combining equations (11), (14), and (15), the
current noise spectral density can be expressed as

2
P: 4AL%
Si=4_€_v bagp SISl
L) G G

(18)

As a result, the current noise in the drift dominant re-
gime is proportional to the dark current squared. By
substituting equation (15) into equation (18), it is ob-
vious that the current noise power spectral density is
proportional to the electron generation rate G

S, =4g%°G (19)

Thus the noise current spectral density, i,, defined by
(i,)? = S.(f)4f, is given by

I 20eG

- = 20)
Af 1/2

The specific detectivity of a detector is defined as
D* = RA2Afli,. Using equations (6) and (20), it can
be re-written as

. T}‘/LA”Q

- G

Thus a smaller generation rate is directly linked to the
higher detector detectivity.

It is possible to model the generation rate if we as-
sume the generation rate of electrons from the ground
state of the quantum well is the same as the emission
of electrons from a trap state to the conduction band
[43], so that

2D

1/Tn.tmp¢= = vr.‘ro'r Nre AR (22)
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where vy, is the thermal velocity of the electron, AE is
the energy from the QW ground state to the barrier
conduction band, o, is the capture cross section of the
trap, and N, is the effective density of states in the
conduction band. The generation rate density for the
whole quantum well is defined as

(23)

N,
=Nyv

- AE/KT
3 o,N_e

g:

th

The generation rate density can thus be written
g=Ce A T where C is the electron generation rate
constant (in cm—3s71). The total electron generation
rate is

G = NALyg (24)
where N is the number of periods of quantum wells,
A is the area, and Ly is the quantum well width.

Furthermore, it is possible to model the expected
capture cross-section by assuming a model of carrier
recombination due to coulombic attraction to donor
atoms. Thermally generated electrons move via drift
or diffusion in the barrier region to a neighboring
quantum well. These wells are doped with silicon do-
nors to a concentration of ~ 1 x 1018 cm=, which re-
sults in an inter-donor spacing of about 50 A. Since
the well width is only 50 A, these donors basically
form a monolayer thin plane of charge centers. The
electrons approaching this monolayer with a thermal
velocity determined by barrier parameters will inter-
act with these silicon centers triggering a recombina-
tion process which results in the electrons reaching
the E; bound state. Assuming ineffective screening of
the silicon nuclei due to the two-dimensionality of the
surrounding electron gas, we approximate the silicon
perturbation potential by Zqg/4ne.er where Z is the
atomic number of silicon, equal to 14 [43]. The holes
impinging on the silicon centers gain kinetic energy
by crossing the well/barrier interface. Hence to deter-
mine the effective scattering cross section o, of the
silicon centers embedded in the quantum wells, we
can equate

2
e AE (25)
dme E.r

The scattering cross section o, = fir? can then be
calculated. This equation implies that electrons with
energy higher than the right-hand side of equation
(25) do not sense the perturbation potential and are
not scattered. For a temperature of T = 77 K, and us-
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ing € = 13.7 and AE = 138 meV (see Fig. 17) for
Gay 47Ing 53As, this model predicts a scattering cross
section of o, = 3.6 x 10712 cm?.

Experimental noise analysis

The noise current spectral density versus dark cur-
rent is plotted in Fig. 22 for QWIP-A.

The solid line illustrates the 1> dependency pre-
dicted by equation (18). For high dark currents, the
slight deviation of the measured curve from the I? de-
pendence is attributed to an increase in the thermal
generation rate. This effect is highlighted in Fig. 23
where the natural logarithm of the thermal generation
rate G, calculated from equation (18), is plotted versus
applied bias voltage. The calculated generation rate is
4 x 1022 cm~3s71. The solid line is the best linear fit to
In(G) versus bias and has a slope of 0.47 V-1

1020,

2 1
1025 4 §=385x10"1x PP ]
10726 ] 1
1027 I ]
10 108 10 103 102
Dark current (A)

Fig. 22. Current noise spectral density versus dark current at
T = 80 K for sample A.
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Fig. 23. Calculated thermal generation rate versus applied
bias at T = 77 K for sample A.
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From a simple charge balance model for heavily
doped quantum wells it follows that

N e 5" =¢ n N e 5% (26)

n'td

G=en, =cn,
where e, is the bound electron emission coefficient, ¢,
is the electron capture coefficient, n,, is the electron
density in the quantum well ground state, N, is the ef-
fective density of states of the continuum above the
well, and E, is the bound electron activation energy,
equal to 138 meV for these samples in equilibrium
(see Fig. 17). Upon applying bias, band bending will
occur, leading to lower activation energy because
electrons can escape via the lowered side (in energy)
of the quantum well. With a voltage drop Vy across a
quantum well, a first order for an upper estimate of
the effect is

E,=E; -eV, (27)
where E' is the zero bias activation energy. As-
suming a constant electric field throughout the device,
including the quantum well regions,

(28)

where V is the applied bias voltage, and L, is the
length of a period. Solving equations (26) through
(28) results in

ES ewV

In(G) =In(c n,N,)——+
n(G) =Ine,ngNe) =2 KTL N

(29)

predicting a linear dependence of In(G) with V with a
slope of 0.73, which is slightly larger than the mea-
sured value. This discrepancy may be due to the spa-
tial dependence of bound electron generation. Theo-
retically, the highest electron concentration and thus
generation rate is expected at or near the center of the
quantum well where electrons will only experience a
fraction of the band lowering. In addition, the electric
field in the quantum well region may be lower than in
the barrier. This will also lead to a smaller slope of
In(G) versus V.

The generation rate constant C for sample A was
found by fitting equation (18) and (19) to the noise
power spectral density shown in Fig. 22. The best is
for C = 2.5x103! cm3s!. Figure 24 shows the mea-
sured noise values (squares) versus applied bias volt-
age as well as the fit made using equation (17) and
(18). Note that equation (18) explains the magnitude
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Fig. 24. Experimental and theoretical current noise spectral
density versus bias voltage at T = 77 K for sample A.

for the noise very well for the drift dominated regime.
The same value of C was used with equation (17) to
fit the noise data in the diffusion dominant regime.
The diffusion length Ly which gave the best fit for
this value of C was Lp = 500 A, which is very similar
to the diffusion length of 400 A determined using
equation (8).

A value of 6, = 9.4x10712 ¢cm? is calculated for the
capture cross section using equation (23) and
C = 2.5x103! cm3s'!. This calculation used
Np = 8x10'7 cm=3 and bulk values of N and vy, for
Ing 53Gag 47As. This agrees well (2.5 x higher) with
the values of 3.6x10°'? cm? obtained from the simple
model of equation (25). The slightly higher measured
scattering cross section may indicate the presence of
some interface roughness-related or alloy scattering in
addition to the modeled coulombic scattering.

Comparison to GaAs/AlGaAs

It is interesting to compare the thermal generation
rate, gain, and capture probability measured for these
samples with values previously published for
AlGaAs/GaAs samples. For detectors with a similar
peak absorption wavelength near 8 pm, Wang et al.
[40,41] have measured a generation/recombination
rate of 1.5x10% cm3s! in GaAs/ AlGaAs samples.
Using equation (21), the 4 X lower recombination rate
for these InGaAs/InP samples should result in the
2 x higher peak detectivity for detectors with similar
areas at the same wavelength. This agrees fairly well
with the published maximum peak detectivities for
GaAs/AlGaAs detectors by Levine et al. [3] (1x10'°
cmHz/2W-1) and Claiborne et al. [44] (3x10'°
cmHz!2W-1) as compared to the peak detectivities for
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Fig. 25. Photoconductive gain versus number of quantum
wells for various QWIP systems.

InGaAs/InP detectors in this work (6x101°
cmHz!2W-1) and Gunapala et al. [11] (9x10'0
cmHz!2W-1). It is hypothesized here that the recom-
bination rates are larger in GaAs/AlGaAs hetero-
structures due to larger scattering cross sections from
larger interface roughness in a ternary material or the
presence of aluminum related DX—center traps.

A comparison of the photoconductive gain mea-
sured for different QWIP materials is shown in
Fig. 25. As discussed above, the higher gain in
InP-barrier QWIPs is probably due to the longer car-
rier lifetime (because of a lower recombination rate)
and higher drift velocity in the InP barriers, and per-
haps a decrease in the number of scattering centers
due to the high quality of the binary barrier material.

The increased gain results in a higher detector
responsivity. The responsivity for sample E is larger
compared with GaAs/AlGaAs devices by Gunapala et
al. [45]. This is shown in Fig. 26.
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Fig. 26. InGaAs/InP QWIP (sample E) responsivity compa-

red to GaAs/AlGaAs QWIP (after Ref. 45).
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5. Conclusions

In conclusion, we have demonstrated the firs
QWIP detectors using the quaternary Al,Ga,In,, (As
InP materials system. We have observed excellem
responsivity in the Al,Ga,In;_, ,As/InP devices com-
pared to GaAs/AlGaAs QWIPs. By increasing the
bandgap from ternary Gag47Ings3As to quaternary
Al Gag 43 ,Ing 50As we have shifted the responsivity
out to longer wavelengths resulting in cutoff wave-
lengths of 13.3 and 19.4 pm, respectively for AlAs
mole fractions of 0.1 and 0.15. We have also demon-
strated lattice-matched mid-wavelength infrared de-
tectors using Gag 47Ing 53As/Alg 43I0y 5,As quantum
wells. By combining both types of devices, we have
produced the first lattice-matched dual band
mid-wavelength and long-wavelength QWIP detec-
tors on InP substrate. Using the measured noise data
for Gag 47Ing s3As/InP detectors, we have calculated
the thermal generation rate, bias-dependent gain, elec-
tron trapping probability, and electron diffusion
length. The calculated thermal generation rate
(~ 7x1022 c¢m3s!) is similar to AlGa;,As/GaAs
QWIPs with similar peak wavelengths, but the gain is
50 x larger, indicating improved transport and carrier
lifetime are obtained in the binary InP barriers.
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