well infrared photodetectors ( QWIP) based on
GaAs/AlGaAs materials are well established.

Thermal infrared (IR) imaging is the main existing
application of QWIPs fabricated into focal plane ar—
rays'”. In this case, QWIPs are used for detecting
weak signals and the device parameters are chosen
to achieve the highest possible detection sensitivity
(detectivity) and background limited infrared per—
formance ( BLIP) temperature. The design princi—
pals for this existing application are discussed in

detail in Ref. [ 1]. In this overview paper, we first
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rized using the bandedge profile shown in Fig. 1

Introduction (above). Upon application of a bias voltage, incide—

The physics'" and applications'” of quantum

review the design principals and present the param-

tum wells with contacts on either sides. The opera—

tion of a photoconductive QWIP is easily summa-

eters for optimized QWIPs, and then introduce se- FIG. 1 Bandedge Profile of Quantum Well In-
veral directions for future research and develop- frared Photodetector Under Bias( Above) Be-
ment. cause of the unipolar nature of the device, we la—

A standard QWIP consists of multiple quan— bel the two contacts as emitter and collector. T he
lower part shows a nype (left) and p-type

(right) quantum well.

H. C. Liu male, Member of Overseas Advisory Committee of Chinese Journal of Semiconductors, Guest Professor of Institute of Semicon-
ductors (CAS), Shanghai Institute of Technical Physics ( CAS) . Beijing Polytechnic University, and Lanzhou University.

Received 16 Fehruary 2001 ©@2001 The Chinese Institute of Electronics



530 SEEEE- S 3

14 22 %

nt photons excite electrons out the quantum wells
creating a photocurrent. The wells are doped to
provide a population of electrons in the ground
state subbands. T he lower-eft part of Fig. 1 shows
the energy levels for a n4ype quantum well. Simi-
larly, the QWIP structure may be p-type with both
heavy hole (HH) and light hole (LH) states (lo-

wer-right part of Fig. | discussed in Sec. 6)

2 QWIP Design and Parameters

Given the substantial research on QWIPs over
the past decade, especially those based on GaAs/
AlGaAs, the basic design and operation principles
are reasonably understood for a standard photocon-
ductive QWIP. In this section, we summarize the
guidelines in designing an optimum photoconduc—
tive QWIP, which involves choosing the following
parameters: well width L., barrier height V, barri-
er width L, well doping density resulting a two-di-
mensional (2D) carrier density N o, and number of
wells N. We concentrate on the simplest structure
made of GaAs/AlGaAs square quantum wells. The
well region is GaAs, and the barrier is Al:Gai- <As
so that its height is controlled by Al fraction x.

In this section we discuss n-type QWIPs. It
has been well established'" that the optimum well
shape is the one having the first excited state in
resonance with the top of the barrier. Given this
design rule, the well width and barrier height are
fixed once an desired detection wavelength ( peak
wavelength Ay) is chosen. Figure 2 shows these pa—
rameters for a range of A, for a GaAs/AlGaAs
quantum well. The peak detection wavelength A,
corresponds to the energy difference between the
first excited and the ground states. T he calculation
is a simple one-band effective mass model calcula-
tion. T he barrier height Vi relates to Al fraction by
Vi= 0.87 X« eV. All higher order effects have
been neglected, such as, band non-parabolicity,
Coulomb interaction between ionized donors and
electrons (Hartree correction) , exchange—correction

effect, and depolarization-exciton effect. For a

structure appropriate for Ay= 10um these effects all
lead to a modification of the transition energy in
the few-percent range. A detailed review of these
effects is found in Ref. [ 3]

As an example, the main effect of exchange-
correlation and depolarization-exciton is to shift
the transition energy to a higher value. T he amount
is about 10meV for a 2D electron density of No= 5
X 10"em™”. Taking this into account, the renorma-
lized peak wavelengths are shown in Fig. 2 in
parentheses. The effect is not very important for
short wavelength structures, but is dramatic for
long wavelengths. In general, longer than about
20pm, Hartree, exchange—correlation, and depolar-
ization-exciton effects must be included to obtain
good fit to experiments. Shorter than about 7um,

the non—-parabolicity effect becomes important.
0.40

L 2p=6(or5.7) pm

0.00 L 1 1 L i L L 1
4 5§ 6 7T 8 9 10 11 12
Well Width/nm

FIG. 2 Optimum n-Type GaAs/AlGaAs
QWIP Calculated Parameters of Barrier Al
Fraction and Well Width for Given Peak De-
tection Wavelength(A;)  Including many-body
effects, the values in parentheses are for a

quantum well with doping density of about 53X

10"em™ 2.

The next parameter is the well doping. Either
uniform doping or & doping are employed, which
give essentially the same result. Growth conditions
should be chosen so that the doping migration into
the barriers is minimized'**". To maximize the de-
tector limited detectivity, without going through
the argument'"”, the doping density should be such

that the Fermi energy is Er= 2ksT, where T is the
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desired operating temperature. On the other hand,
to maximize the BLIP temperature, one should
have Er= ksT.The doping density relates to Fermi
energy by No= (m/mh’) Er. Figure 3 shows these
two (trivial) relations for n-type QWIPs with
GaAs wells.

102

§
~
2
j 10"
& | .
P ——— For Maximizing D
—,/ — "~ For Maximizing Ty,
1(}'“/.,.| T | A
10 100
Temperature/K

FIG. 3 Optimum n-Type Doping Density

Versus Device Operating Temperature

The well material is GaAs.

The author has not found an intuitive way to
choose the barrier width. Generally speaking, the
barrier width should be wide enough so that the in-
ter-well tunneling current is suppressed. T here is a
critical value beyond which any further increase in
L1 does not lead to a lowering in dark current for a
given applied field. T his means that one should use
thick barriers. On the other hand, the practical epi-
taxial growth is such that the thicker the total
layer the lower the material quality. Furthermore,
if the barrier width can be reduced, one can grow
more repeats for higher absorption for a given total
epi-ayer thickness. Empirically, a barrier width in
the range of 30 to 50nm seems to be sufficient. A
systematic study'® on a set of QWIPs operating in
the 8—10um region concluded that L should be
larger than 20nm for 2m background and 77K op-
eration and 30nm for F/2 background and 70K op-
eration. More systematic experimental and model-
ing studies are desired.

Last, for the number of wells or repeats, since
the absorption depends strongly on the device ge-

ometry and optical coupling scheme, only a general

guideline can be given: one should maximize the ab-
sorption with a minimum number of wells.

As a final note: These design guidelines are
based on our current understanding and on our and
other published experiments. There have been very
limited systematic studies to re-enforce/confirm

these design Tules”.

3 Imaging Devices by Monolithic In—
tegration and Optical Readout

A distinctive advantage of GaAs-based
QWIPs, vet to be fully utilized, is the potential of
monolithic integration with electronic and optoelec—
tronic devices and circuits. Though far less ad-
vanced than Si-based devices and circuits, GaAs—
based high electron mobility transistor ( HEMT)
and heterojunction bipolar transistor ( HBT ) are
reasonably well developed. Recently, a very inte—
resting proof-ofthe—concept demonstration has
been 1'ep0rled”|, where QWIPs have been mono-
lithically integrated with HEMTs for read-out in
an array format. QWIPs have also been envisioned
to be integrated with HBTs for array read-out'”.
The monolithic integration is clearly an extremely
promising research direction and deserves a lot
more attention than in the past so far.

Another unique feature is the ability to inte-
grate with optoelectronic devices. We have been in-
vestigating the integration of QWIPs with light
emitting diodes (LEDs) for optical read-out. The
basic idea'” of an integrated QWIP-LED is to epi-
taxially grow a QWIP and a LED on top of each
other. The QWIP can be either n—or ptype. Figure
4 shows a GaAs/AlGaAs n-QWIP with an In-
GaAs/GaAs quantum well LED. Only two contacts
are made — to the heavily p-doped LED contact
layer and the heavily n-doped QWIP emitter.
QWIP is a photoconductor so that under IR illumi-
nation its resistance decreases, which leads to an
increase in the voltage drop across the LED and
therefore an increase in the LED light emission.

This device is therefore an IR to LED light con-
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verter. For 77K operation, a well-designed QWIP
can be very efficient'"” with easily higher than 10%
absorption, and the LED technology is well deve-
loped. An optimized QWIP-LED therefore can be
very efficient with little or no loss of performance
compared with the QWIP alone used as a detector.
However, the advantage of this integrated Q WIP-
this

scheme, one can make large format 2D imaging de-

LED is of importance technologically. In

vices without the need of making any circuits on
the device chip and without the need of hybrid
bonding with another readout chip (normally a Si
[C).The resulting LED emission can be easily ima—
ged using the well-developed Si-CCD. T he first ex—
perimental demonstration of QWIP-LED was re-
ported in Ref.[9]. The concept was independently

.. 11
proposed by Ryzhii et al''".

FIG. 4

Bandedge Profile of Integrated QWIP with
LED For the QWIP part, only the conduction band-

edge is shown. A forward bias is applied so that both
the QWIP and the LED are in operating conditions.
Photocurrent electrons from the QWIP recombine with
injected holes in LED, giving rise to an increase in LED

emission.

An intriguing possibility for QWIP-LED is to
fabricate a continuously image conversion device —
a pixelless large-area imaging device''”. The idea is
that since the entire active layer of a QWIP-LED in
the growth direction is very thin (normally less
than 4um) the up-conversion process (i. e., pho-
toexcitation in QWIP, carrier transport to LED,
and radiative recombination in LED) should have
little in-plane spreading. Theoretical analyses'™""
show that the intrinsic spreading and crosstalk are
negligible for a practical QWIP with a large num-

ber of wells, supporting the pixelless concept. The

first demonstration of the pixelless QWIP-LED
used a ptype QWIP for the simplicity of avoiding
the fabrication of a grating'”'. An n-ype device
has also been demonstrated'”. Currently we are
working towards an optimized large-area pixelless
imaging device. T he concept of up-conversion may
be expanded to cover the technological important

region of 1. Sum''".

4 High Speed QWIPs

Another distinctive advantage of QWIPs over
standard detectors made of HgCdT e is their intrin-
sic high speed. High frequency and high speed de-

tectors may create new applications, for example,

8]

- . 1
environmental remote sensing of molecules'™ and

CO:> laser based (or other long wavelength laser

based ) communication, well laboratory

[ 19,20
use

as as
. The intrinsic high speed capability is re-
lated to the inherent short carrier lifetime Tir.~=5ps

2,2 g
' ' For

(30GHz) as inferred by our experiments
these applications, it is common that there is a
strong signal or a powerful local oscillator. In such
a case, a high dark current can be tolerated, and a
high absorption and high operating temperature is
desirable. Note also that since the applications dis—
cussed here commonly use lasers, the polarization
sensitivity of the n4ype QWIP is no longer a disad-
vantage. In this section, we discuss simple ways to
improve absorption and to aim for near room tem-—

[23]
peralure

operation.

Starting from the standard QWIP structure,
the simplest way to improve absorption is to dope
the wells more heavily and to employ more wells.
Three QWIP wafers were grown in a VG molecular
beam epitaxy system. T he main difference between
the samples is the well doping density. The period
of the 100—repeat multiple quantum well structure
consists of a GaAs well and Al:Gai-+As barriers.
The GaAs well center region is doped with Si to 1
X 10", 1.5 X 107, and 2 X 10”em”°, respectively.
The well width is 6.6, 6.6 and 5. 9nm, the barrier
width is 25.0, 25. 0 and 24. Onm, and the Al frac-
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tion is 0. 200, 0. 192 and 0. 197, respectively, for the
three samples. The top and bottom GaAs contact
layers are 400 and 800nm thick, doped with Si to 2
X10"em™*. Mesa devices were fabricated by stan—
dard GaAs processing techniques. All devices were
packaged into the 45° edge facet geometry'™ for
optical coupling.

With increasing well doping, the device dark
current increases rapidly. Measurements of BLIP
temperature ( T'sur) show that Teur is degraded
with increasing doping and T sur =60, 45 and 30K
for 1X 10", 1.5X 10", and 2X10"”cm™* doping, re-
spectively. This clearly indicates that these devices
are far from optimum for low signal applications.
They do however have high absorptions. At 45° in—
cident and for polarized light, the absorption per
quantum well per pass is about 0.54% for a stan—
dard 10um QWIP with 5X 10" em™? doping per
well''. For a doping density of 1.5X10%em™’, the
one-w ell/one—pass absorption is expected be about
Mm=1.6%.1f a 90% absorption is desired, the num-
ber of wells N needed is determined by: exp( -
2NMi= 10% , which gives N= 72. (The factor of 2
in the exponential takes into account the double
passes in a 45° facet detector geometry.) This is
why we have chosen N = 100 to ensure high (>
90%) absorption. Measurements at both Brewster
angle and 45° incidence indeed show the expected
behavior. The present set of QWIPs is designed to
cover the 10.3 and 10. 6pm branches of the CO:
laser. Figure 5 show the spectral response curves
for the three samples. It is noted that as the doping
is increased the spectrum is broadened. As the ab-
sorption in the 1. 5X10"%cm™ ? doping sample is suf—
ficient, we conclude that such a structure is near
the optimum.

As stated before in Sec. 2, the condition Er=
2ksT maximizes the detector sensitivity (see Fig.
3). 1t is then expected that the doping range of (1
- 2) X 10”em”? should lead to QWIPs operating
near room temperature albeit with a reduced sensi-

tivity. Measured results at various temperatures

using a CO:2 laser tuned to 10.6um are shown in
Fig. 6. It is clear that the device does work up to

room lemperalure‘

! ]
500 1000 1500 2000
Wavenumber/cm ™!

FIG. 5 Spectral Response Curves at 80K
for the Three 100-Well QWIPs
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FIG. 6

QWIP Under CO: Laser Illumination and at Various

M easured Responsivity for 1.5X 10" Doping

T emperatures
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At present time, Q WIPs hold the unique position of
having high speed/frequency capability and high
absorption for the thermal infrared region. There
are no competitive alternatives. It is also possible
to go even higher (> 30GHz) by, for example, re-
ducing the barrier width so that the inter-well tun-

neling becomes the main transport mechanism.

S Multicolor and Multispectral
QWIPs

Being based on thin multilayers grown by epi-
taxial techniques, the design of QWIPs is very
flexible. This enables various implementations of
multicolor and multispectral detectors. In general, a
multicolor or multispectral detector is a device ha-
ving its spectral response varied with parameters
like voltages or any other parameters such as pres—
sure, magnetic field, filter position, and so on. The
latter cases are not as desirable in practical applica—
tions and are not discussed here.

The most direct approach involves contacting
each intermediate conducting layer separating one—
color QWIPs grown in a multistack. T his results in
a separately readable and addressable multicolor
QWIP with multiple-electrical leads, and a two-
color version has been reported”™ . The advantage
of this approach is its simplicity in design and its
negligible electrical cross—talk between colors. The
drawback is the difficulty in fabricating a many
color version because of the many separate leads
required in contacting each intermediate layer. Bois
et al."”*”" have developed processing technologies
for implementing two-color imaging arrays.

Another approach is to have a QWIP with a
switchable response, e. g. , for an applied voltage V1
the response is at A and for V2 at A2. One such
example is realized by stacking the usual one-color
QWIPs separated by thin conducting layers'™ .
We rely on the highly nondinear and exponential
nature of the device dark current-voltage characte-
ristics. This implies that an applied voltage across

the entire multistack would be distributed among

the one-color QWIPs according to their values of
dc resistances. Thus, when the applied voltage is
increased from zero, most of the voltage will be
dropped across the one—color QWIP with the high-
est resistance. As the voltage is further increased,
an increasing fraction of the voltage will be
dropped across the next highest resistance one-
color QWIP, and so on. Since the detector respon-
sivity of a one-color QWIP gradually turns on with
applied voltage, we therefore can achieve a multi-
color QWIP with spectral response peaks that turn
on sequentially with applied voltage. The advan-
tage of this approach is that it is simple in fabrica-
tion (as it requires only two terminals) and suited
for implementing a QWIP with many colors. The
drawback is the difficulty to achieve a negligible
electrical crosstalk between colors.

The last case is a QWIP with its response con—
tinuously tuned in a range of wavelengths. The
demonstrated examples of this approach involve
special shapes of quantum wells, e. g., a stepped
well™ so that the response spectrum shifts as a
function of applied bias voltage. This provides a
continuous tuning of the spectrum by moving the
intersubband resonance position. A range from 8.5
13.5um  has

wells'™. The large continuous tuning capability is

to been achieved using stepped
the distinct feature of this approach. The difficulty
is to ensure a good QWIP performance for all volt—
ages. To achieve a good performance, the transition
final state (usually the first excited state) must be
close to the top of the barrier, as discussed before,
providing a large intersubband transition strength
and, at the same time, an easy escape for the exci-
ted carriers. These two conditions are difficult to
fulfill for all voltages.

For some applications, it is desirable to have a
multispectral detector covering not only the middle
or far infrared but also the visible or near infrared
spectral regions. We have investigated dual-band
operation of InGaAs/InP QWIPs for both near in-
frared (NIR) and middle infrared (MIR) spectra

and GaAs/AlGaAs QWIPs for visible ( VIS) and
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middle infrared. T he idea of dual-band operation of
an InGaAs/InP QWIP is straightforward ™. A
usual QWIP structure with InGaAs wells and InP
barriers is used for MIR detection. At the same
time, NIR can be absorbed in the InGaAs layers re-
sulting in a photocurrent. The contact layers are
made of InP so that the NIR light can reach the
quantum well region without being absorbed. For
using GaAs/

AlGaAs QWIPs, a small modification is needed ™' :

dual-band detection conventional
the GaAs top contact is replaced by a large
bandgap layer which opens a window for visible
light to reach the quantum-well region. In both
cases, reasonable detector performance was ob-
tained, and the details were reported in Refs. [ 31,
32]. Although these devices provide MIR/FIR and
VIS/NIR detection only in a simultaneous mode.
the simplicity is its advantage. Similar idea can be
applied to other systems such as InGaN/GaN for
infrared and ultra-violet dual-band detection. An
alternative approach for dual-band detection was
reported by Schneider et al."involving a stacked
QWIP and p-—n diode, which has a performance
advantage since two devices can be separately opti-
mized for MIR and NIR.

As a final comment on multicolor and multi-
spectral devices, it seems that for all the approa—
ches the device performance has not been fully op-
timized. Further work is therefore needed both in
optimization and in new and better designs. More—
over, multicolor QWIPs require special gratings
which have not been studied. One possibility is to

. L 134,39)
use quasi-random gratings .

6 P-QWIPs

The attractive feature of p-Q WIPs comes from
the elimination of the need for a grating coupler.
T his provides a significant simplification in the fab—
rication of a large focal plane array. T o realize the
potential advantage of a strong absorption under
normal incidence, we have carried out a series of

optimization studies. By systematically optimizing

the valence band structure ™", the 2D well doping
I [ 39]

, and the barrier thickness =, we have

shown that ptype GaAs/AlGaAs QWIPs are now

at a stage with performance comparable to their n—

density' ™

type counterparts. We have demonstrated that to
achieve an optimal p-QWIP for normal incident de-
tection one should employ the first heavy hole
(HHI1) to second light hole (LH2) transition with
LH2 in resonance with the top of the barrier. T he
calculated optimum quantum well parameters are
shown in Fig. 7. Here the barrier height is taken to
be 0.53 X x eV. Because of the non-parallel sub-
band dispersion, intersubband transition in p-type
quantum wells displays a broader spectrum than
that for ntype. The optimum 2D well doping den-
sity is found to be around 2X10%cm™ %, which ma-
ximizes the BLIP temperature ( reaching about
100K for Sum cutoff devices) as well as the dark
current limited detectivity. For a 3—5um device,
the optimum barrier width is about 20nm, which is

the minimum thickness for suppressing interwell

tunneling.
1.0 287
[\, 3.19 (2—3)
< 08f
g 0.5: Ac=5.16 um (Covering 3—5 pm)
0.4} 9.08 (6-9)
k B b 11.55(7—12)
0.2 T
» *
0.0 1 1 i | lgs(lz_m)
2 3 4 5 6 7 8
Well Width/nm
FIG.7 Optimum p-Type GaAs/AlGaAs QWIP

Calculated Parameters ( Courtesy of F.Szmulo-
wicz) of Barrier Al Fraction and Well Width for

The values in

Given Cutoff Wavelength ( Ac)

parentheses give the spectral ranges covered.

Although the performance of the optimized p-
QWIPs is quite good in term of BLIP temperature
and detectivity, ete. , the absorption quantum effi-
ciency per quantum well is still quite low. To im—
prove quantum efficiency, a direct way is to use
more quantum wells. We investigated another ap-

proach for improving the quantum efficiency of p-
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QWIPs'". By using microcavity the peak absorp-
tion and thus the peak responsivity can be signifi—
cantly increased. The cavities are fabricated by
applying thick gold films on the detector bottom
sides after substrate removal via selective wet etch-
ing. The observed peak enhancement and spectral
shape are in good agreement with model predic-
tions. Peak absorption of about 25% is obtained for

a 3—Sum device (see Fig. 8).

0.3
. ——Exp., Device Without
0.25F ‘ ----Exp., Device With Cavity
I Koo Model , Device Without Cavi

0.2

0.15

0.10

0.05

0.0

FIG. 8

A S-um Cutoff p-QWIP Spectra

Experimental curve without cavity repre—
sents the double pass quantum efficiency.
Observed spectrum on resonant cavity en—
hance device agrees with simulated quantum

efficiency.

7 Conclusions

In this brief review, we presented the basic de—
sign rules for a standard n+ype GaAs/AlGaAs
QWIP. We discussed a few promising research di-
rections for further investigation. For even longer
term research, the quantum dot infrared photode-
tector' """ has the potential of normal incidence and
high operating temperature ( due to the expected
long carrier lifetime), but it is not clear that the
dot density can be controlled and increased to the
point resulting in high absorption.
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