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Abstract—The partial intermixing of the well and barrier
materials offers unique opportunities to shift locally the bandgap
of quantum-well (QW) structures. We have demonstrated red-
shifting and broadening of the wavelength responses of bound-
to-continuum GaAs and InP based quantum-well infrared pho-
todetectors (QWIP’s) after growth via impurity-free vacancy
disordering (IFVD). A comprehensive set of experiments is con-
ducted on QWIP’s fabricated from both as-grown and multiple-
quantum-well (MQW) structures. Compared to the as-grown
detector, the peak spectral responses of the disordered detectors
were shifted to longer wavelengths. The peak absolute response of
the disordered GaAs based QWIP is lower by almost a factor of
four. However, the responsivity characteristics of the disordered
InP based QWIP show no major degradation. In general, with the
spectral broadening taken into account, the overall performance
of the disordered QWIP’s has not dropped significantly. Thus, the
postgrowth control of the QW composition profiles by impurity-
free vacancy disordering offers unique opportunities to fine tune
various aspects of a photodetector’s response. Theoretical cal-
culations of the absorption coefficient spectrum are in excellent
agreement with the experimental data.

Index Terms—Absolute response, dark current characteristics,
focal plane array, impurity-free vacancy disordering, peak re-
sponse wavelength, quantum efficiency, quantum-well infrared
photodetectors, rapid thermal annealing, red shift.

I. INTRODUCTION

DETECTING, measuring, and imaging the patterns of
thermal heat radiation emitted by objects have been of

interest since the discovery of the infrared (IR) spectrum
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in 1800 by astronomer Herschel [1]. IR sensors have been
extensively developed since the 1940’s. The first practical IR
detector was PbS [2]. This polycrystalline thin-film photocon-
ductor operates via a band-to-band transition in the 1–3-m
range [3]. Lead salt detectors, such as PbS and PbSe, are
chemically deposited, and operate at any temperature between
300 K and 77 K [2]. These detectors have found use in
medical instruments, exhaust gas analyzers, fire control, and
power meters [4]. Intrinsic semiconductor detectors such as
Ge:Hg or Si: are minority carrier devices, which rely on
the photo excitation of impurity levels within the bandgap
of the host material [2]. In use, the devices are cooled
until only a few of the hydrogenic impurities are thermally
ionized. The principal problems with the devices are their low
operating temperatures (24 K), and low impurity absorption
coefficient, which is limited by low-impurity solubility. To
achieve total absorption in Si:x, the detectors would require a
thickness of 100 m [3]. Until the development of mercury
cadmium telluride (MCT) detectors, the detector of choice
for the 8–12- m-long wavelength infrared (LWIR) band was
Ge:Hg photoconductor. The HgCdTe (MCT) detector was
introduced in the late 1950’s in England [2]. These detectors
have found use in both civilian and military applications in
thermal imaging, guidance, reconnaissance, ranging, and com-
munication systems [1]. The versatility comes from the ability
to grow custom alloy mixtures of Hg Cd Te with virtually
any bandgap between 1–25m [2]. The MCT detector has
several advantages over the extrinsic photoconductor. The
band-to-band absorption coefficient of MCT is much greater
than the impurity absorption of intrinsic semiconductors, thus
permitting the construction of thinner detectors with larger
quantum efficiencies. The MCT can also operate at a higher
temperature than Ge:Hg, since the intrinsic detectors must be
cooled to very low temperatures to detect impurity transitions
over thermal noise. From the standpoint of device-to-device
uniformity, MCT cannot replace Ge:Hg [3]. Whereas conven-
tional IR imaging is performed using bandgap transition in
MCT p-n diodes, IR imaging can also be performed using
the intersubband transition in a multiquantum-well (MQW)
III–V semiconductor structure. The concept of using the in-
tersubband absorption of IR radiation in a QW structure as a
photoconductive device was proposed in 1980 by Esaki, Sai-
Halasz, and Chang [4]. The first experimental study in the
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Fig. 1. Schematic drawing of the type-I QW structure. The parameters for
the standard structure are indicated above.

literature was performed by Smith and co-workers in 1983
[5]–[7].

II. N-TYPE QWIP DESIGN AND DEVELOPMENTS

Modern photoconductive quantum-well infrared photodetec-
tors (QWIP’s), with responses at various wavelengths from 5
to 12 m, were first demonstrated by Levineet al. in 1987 [8].
A schematic of the type-I QWIP structure is shown in Fig. 1. In
most QWIP devices, a signal is generated when a QW absorbs
IR radiation. This excites electrons from the ground state to
an excited state from which the excited electron is collected
by an applied field, resulting in photocurrent. Superlattice
detectors are, therefore, extremely versatile due to the nearly
limitless possibilities of bandgap engineering (three funda-
mental structures: bound-to-bound, bound-to-continum, and
bound-to-miniband). Besides the successful GaAs–AlGaAs
superlattice, other III–V materials have indicated promise
as LWIR detectors. In recent years, considerable interest
has focused on the fabrication and characterization of III–V
based QWIP [9]. The use of these materials rather than
conventional mercury cadmium telluride detector is based
upon two advantages: First, these detectors are fabricated
from GaAs–A1 Ga As QW superlattices, a significantly
less expensive, more uniformly grown, and more abundant
material than MCT. Second, standard high-yield GaAs in-
tegrated circuit fabrication techniques may be used, paving
the way for advanced sensor arrays and their cost effective
manufacture with existing infrastructure. The price paid for the
easy fabrication of QWIP’s is in their lower quantum efficiency
and higher dark current than ideal narrow gap detectors such
as HgCdTe [10]. The many fabrication problems in MCT
make it generally unsuitable for a large array technology

TABLE I
COST COMPARISON BETWEEN HgCdTe FPAAND QWIP FPA

or monolithic integration. Here is where QWIP’s find their
niche. The GaAs–A1GaAs QWIP is easier to fabricate, less
expensive to grow, and more uniform across large-area two-
dimensional (2-D) focal plane arrays (FPA’s) at a lower cost.
Long-wavelength imaging systems such as: 15m cutoff 128

128 QWIP FPA Camera, 256 256 Portable QWIP FPA
Camera, 9-m cutoff 640 486 QWIP FPA Camera, and
256 256 Palmsize QWIP Camera utilizing intersubband
transition in III–V QW’s have been demonstrated by the Jet
Propulsion Laboratory [11] and acheived an excellent imagery
with a noise equivalent differential temperature of 30 mK.
Incremental engineering advancements are quickly changing
the perspective on QWIP, toward one of great hope, as the
successor to MCT in LWIR array technology. Cost issues
affect the development and future commercialization of such
a technology. The focal plane array (FPA) chip cost reduction
will be at least 17 to 1 using the QWIP approach as illustrated
in Table I.

The QWIP detector uses a QW energy transition to absorb
optical radiation and the accompanying excited state electron
for signal output [12]. In a bound-to-continuum type (schemat-
ically shown in Fig. 1) QWIP detection, a single bound state
contributes its photoexcited electron to the extended state
in the continuum, above the barrier, where the electron is
collected by applying an electric field across the superlattice
[13]. Unexcited or bound state electrons cannot easily tunnel
through the thick barriers, hence dark current is relatively low
[13]. The disadvantage of this QW system is that it cannot
absorb normally incident light, due to polarization selection
rules [14]. Grating couplers are important components of
QWIP focal plane imaging arrays. Gratings provide a means
to scatter the optical field in directions that favor intersub-
band absorption [15]. Recent discussion in the literature has
provided several solutions to the coupling problem [16].

A recently developed fast electromagnetic solution tech-
nique, the steepest descent fast multiple method (SDFMM)
[17], permits the efficient analysis of scattering from periodic
and aperiodic gratings [18]. In the context of QWIP gratings,
the SDFMM can be used to predict absorption as a function
of wavelength, as shown in Fig. 2. The P-grating [Fig. 2(a)]
is a doubly periodic grating; D- and S-gratings [Fig. 2(b)
and (c)] are perturbed P-gratings, obtained by respectively
displacing and scaling raised portions of the periodic grating
in the lateral directions in a random manner. As seen in Fig.

Authorized licensed use limited to: University of Washington Libraries. Downloaded on July 13, 2009 at 15:56 from IEEE Xplore.  Restrictions apply.



748 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 4, NO. 4, JULY/AUGUST 1998

(a) (b) (c)

(d)

Fig. 2. Integrated field strength versus wavelength/period for P- D-, and
S-gratings. Optical current on these gratings is modeled using 30 000 basis
functions (a) P-grating, (b) D-grating, (c) S-grating.

2(d), the D-and S-gratings exhibit a much smoother spectral
behavior over the wavelength range of interest than the P-
grating, albeit with a slightly reduced peak absorption. Rough
surface gratings [Fig. 3(a)], which are logical extensions of
quasirandom gratings, are within the range of applicability
of the SDFMM. The (rough) surfaces modeled in the paper
can be created using techniques developed for fabricating
diffractive optical elements [19] Fig. 3(b) shows the spectral
response of the integrated field strength due to rough gratings.
The absorption remains high and has a remarkably constant
behavior over the entire wavelength band of interest. These
observations suggest that adding randomness to gratings, for
instance by introducing rough surfaces, can result in a dramatic
amelioration in peak absorption and spectral behavior with a
resulting improvement in QWIP performance.

QWIP’s have recently been explored in great detail with
promising results. The largest drawback is their large dark
currents when operated above 60 K. A number of different
methods have been explored in an effort to reduce this current.
IR hot electron transistors [20] utilizing a GaAs–AlGaAs
MQW structure as an emitter and an electron energy filter
in front of the collector as shown in Fig. 4(a) and (b) are
designed for higher performance at 60 K and above. The
energy filter is designed to selectively filter the photocurrent
and the dark current respectively. Draining the dark current
allows the QWIP to operate at higher temperatures with
reduced noise. The injection coefficient of the
photoelectron measured as the ratio of the relative changes in
the photocurrent are shown in Fig. 5(a) and (b), respectively.

Measurements were done for the two case of bias at different
heat sink temperatures. In general, a high-injection coefficient
results. Also, another figure-of-merit estimating the reduction
in the leakage current relative to reduction in photocurrent are
also shown in Fig. 5(a) and (b), respectively.

(a)

(b)

Fig. 3. Integrated field strength versus wavelength/period for rough surface
gratings and a periodic grating. The three gratings R1, R2, and R3 possess
root mean square heights of 0.2, 0.4, and 0.6 times the center wavelength
respectively. For these gratings, their correlation length is varied analogously
to the period. (a) R-grating. (b) Spectral Behavior of Absorption.

(a)

(b)

Fig. 4. Band edge profile of an IR hot electron transistor utilizing a multiple
QWIP with an energy filter barrier (a)VEB = �0.3 V andVCB = 0.03 V,
(b) VEB = �0.3 V andVCB = �0.03 V.

In spite of the successful development of intersubband
MQW QWIP technology, only little effort has focused on
broad spectrum/multiple color detection [21], [22]. One of
the distinct advantages of the QW approach is the ability to
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(a)

(b)

Fig. 5. Injection coefficient of the photoelectron(�IC=�IE) of a QWIP
with energy filter. (a)VEB = �0.3 V, VCB = 0.03 V. (b)VEB = �0.3 V
andVCB = �0.03 V. Also shown((�IC=�IE)=(IC(80 K)=IE(80 K)))
estimating the reduction in the leakage current relative to the reduction in the
photocurrent.

produce multiband or multicolor detectors, which are desirable
for future high-performance IR systems. Interdiffusion offers
the flexibility to modify the properties of the materials after
growth and can be acheived by techniques, such as impurity-
induced disordering, impurity-free vacancy disordering [23],
[24], or ion implantation enhanced interdiffusion [25], [26].
It is possible to disorder the QW’s such that the bound state
energy is blue shifted, leading to a corresponding red shift of
the intersubband energy. The QW is changed from a square
well with a sharp interface, to an error-function shaped well
with a corresponding change in the confined energy levels
[27]–[29]. The degree to which disordering occurs depends not
only on the processing, but on the physical properties of the
material, including, but not limited to, dielectric encapsulent
type, doping, and the existence of capping layers.

In this paper, we describe experimental results for detectors
in which impurity free vacancy disordering is employed to in-
termix GaAs–AlGaAs and InGaAs–InP MQW structures. We
first present the details of our experiments and measurement
procedures. Then, the experimental results for both as-grown
and disordered structures are compared and discussed. Next,
a brief discussion of our theoretical calculations of the inter-
subband absorption coefficient for as-grown and disordered
GaAs–AlGaAs QWIP’s are described, and the prediction of
the model is compared to the experimental data. Finally, we
conclude with a summary of the relative performances of
as-grown and disordered QWIP.

III. L AYER DISORDERING BY RAPID THERMAL ANNEALING

Modifying the layer (i.e., QW and/or barrier width) thick-
ness will change the absorption wavelength of the raw ma-
terial. In this manner, one can grow detectors which are
tuned for absorption at various wavelengths. This method,
however, relies on a separately grown superlattice, possibly
on different substrates for each different absorption peak
wavelength desired. An alternate method to achieving vari-
ation in absorption peaks which can easily be employed is
the technique known as impurity-free vacancy disordering
accomplished by the diffusion of point defects such as the
column III (Ga) vacancies [27], [28]. Thus, by disordering
the well using the native point defects which exist within the
well and vacancies introduced at the surface, it is possible to
increase the first energy state in the conduction band, such
that a reduction in energy to the continuum is acheived. This
allows for a red shift in the intersubband energy without
growing an entirely new structure. The redistributed profile
makes the QW thinner at the bottom than the originally
grown well, as shown in Fig. 6(a). This modification of the
well width shifts the absorption to longer wavelengths as the
energy level rises in the well. Dielectric film stress, trans-
ferred to the surface of the substrate, influences the amount
of diffusion induced wavelength shifting which will occur
during annealing. Deposition may take place via chemical
vapor deposition (CVD), plasma-enhanced chemical vapor
deposition (PECVD), or sputtering. Substrate temperature,
reactant gas composition, and for PECVD, microwave power
applied to the plasma will change the film characteristics.
Films such as silicon dioxide and silicon nitride, with their
myriad of compositions and mixtures should be adequate to
provide arbitrary variety in stress levels. The annealing oper-
ation may be performed via rapid thermal annealing (RTA).
In recent years, laser irradiation to induce QW intermixing
in GaAs–AlGaAs and GaInAs–GaInAsP structures has been
demonstrated [30]–[33]. Laser beam sources as processing
tools allows thermal processing of semiconductors with very
high spatial and temporal resolution [34], [35]. Hence, the
use of this technique offers unique opportunities to fine tune
various aspects of a QWIP’s response. Once the annealing
is complete, the dielectric cap layer may be stripped and the
wafers prepared for subsequent detector processing. Broad-
spectrum/multicolor detection makes use of the variation in
wavelength shift for different dielectric induced surface stress.
Fig 6(b)–(d) illustrates that the broad spectrum response is
a direct result of the linear super position of two adjacent
absorption maxima.

IV. GROWTH, MATERIAL, AND DEVICE CHARACTERIZATION

GaAs–AlGaAs n-type QWIP’s were grown by solid source
molecular beam epitaxy (MBE) on a semi-insulating (001)
GaAs substrate. The active region, sandwiched between two
n-type (10 cm ) GaAs layers, consisting of 50 periods of
300-Å undoped A1 Ga As barriers and 40-̊A Si (
10 cm center doped GaAs wells. The doping is confined
to the center 20Å of the GaAs well. InGaAs–InP p-type
QWIP’s consisted of 30 periods of 10-Å uniformly doped
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(a) (b)

(c) (d)

Fig. 6. (a) Modification of QW profile due to QW-intermixing. (b) Schematic representation of shifting effect and its utility for response detector tuning. (c)
Multicolor detection by shifting each pixel a different amount. (d) Schematic representation of a broadband detector made possible through the linear
superposition of the relative absorption response of two neighboring peaks.

( 3 1018 cm In Ga As QW’s and 500Å
thick, uniformly Be-doped ( 1 1017 cm InP barriers,
all of which were sandwiched between 500Å Be-doped (3

1018 cm In Ga As contacts on an InP substrate.
DCXRD measurements were carried out to characterize the
crystalline quality of the p-type InGaAs–InP superlattice layer
(SL). A Phillips double-crystal X-ray diffractometer was used
to measure the diffraction patterns. Each of the diffraction
patterns were measured in a mode with a fine collimation of the
incident and diffracted X-rays in order to retrack the evolution
of its superlattice harmonics over several degrees. Fig 7(a)
shows the experimental and simulated (oo4) CuK, rocking
curves of the p-QWIP structure with 30 periods of InGaAs/InP
SL (10A InGaAs well and 500-̊A InP barriers). The super-
lattice satellites are observed upto the fourth order, and the
average FWHM of the experimental satellite peaks is 31 arc-
sec, demonstrating excellent material quality. The simulation
in Fig 7(b) assumed abrupt interfaces for both InGaAs-on-InP
and InP-on-InGaAs interfaces, and that in Fig. 7(c) assumes
a monolayer of InAs0.5P0.5 inserted at the upper interfaces
of the InGaAs layer. Clearly, a transitional monolayer in
the group V sublattice gives a much better agreement than
the abrupt interface does between experiment and simulation,
suggesting residual Asincorporation in the InP layers and
formation of strained monolayers at the interfaces. In this case,
a period consists of three layers: 10.5-A In Ga As, 3.04
A InAs P and 5.643A InP and to atomic layer schematic
can be expressed as In–P–In–P–GaIn–As-GaInAs–GaIn–As-
In AsP –In–P–In–P.

In all studies, prior to annealing, the samples were first
degreased in trichloromethane, acetone, and methanol fol-
lowed by a light surface etch using NHOH. Then, a 1200-̊A

Fig. 7. High resolution double-crystal X-ray diffraction rocking curves of
a 30-period InGaAs–InP QWIP structure. (a) Experimental rocking curves
of the p-type QWIP structure. (b) Simulation assuming abrupt interface for
both InGaAs-on-InP and InP-on-InGaAs interfaces. (c) Simulation assuming
a monolayer of In0:5As0:5P inserted at each inverted interface.

SiO encapsulant is deposited by plasma enhanced chemical
vapor deposition. Rapid thermal annealing was performed
in an AET RTA reactor with 10 sccm of Nflowing. The
temperature was stabilized at 200C prior to high temperature
anneal which consists of ramping the temperature at a rate
of 60 C/s until an anneal temperature (850and 950 C for
the GaAs–AlGaAs samples and 700, 800, and 900C for
the InGaAs–InP) is reached. The temperature is maintained
at the anneal temperature for 30 s, after which a cool down
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(a) (b) (c)

Fig. 8. Cross-sectional TEM of the (a) as-grown (b) disordered (850�C,
30 s), and (c) RTA (950�C, 30 s) n-type GaAs–AlGaAs MQW structures.
Shown are the QW’s (lighter regions) and the barriers (darker regions).

is initiated and the temperature decreases to 600C after 10
s and to 250 C after 1 min.

The material quality and optical properties of the as-grown
and disordered GaAs–AlGaAs and InGaAs–InP MQW sam-
ples were investigated using cross-sectional TEM, PL, and
IR absorption measurements. TEM was performed with a
120-KV Philips CM12 microscope. In its PL measurements,
the MQW samples are cooled to 77 K and excited with
the 632.8-nm line of an He–Ne laser. Their luminescence is
analyzed by a 0.5-m SPEX monochromator and detected with a
liquid-nitrogen cooled Ge detector. The intersubband absorp-
tion is measured at room temperature using a Bomen DA3
FTIR spectrophotometer. The MQW samples were polished
into multipass waveguides and sandwiched between two IR-
transmitting KRS-5 slabs. IR measurements were done using
a glowbar source and a KBr beam splitter. Detection of the
IR beams was achieved using a 77-K photoconductive HgC
dTe (MCT) detector.

The cross-sectional TEM micrographs are shown in Fig. 8
for (a) an as-grown MQW and (b) disordered GaAs–AlGaAs
MQW annealed at 850C for 30 s. No defects or dislocations
were observed, and the QW’s (light regions) were measured
to be 45 Å and the barriers (dark region)300 Å. A shift
widening of the well width was observed in the 850C case.
The cross-sectional TEM micrographs are shown in Fig. 9 for
(a) an as-grown InGaAs/InP MQW and (b) disordered MQW
annealed at 800C for 30 s. No defects or dislocations were
observed for both as-grown and disordered MQW regions.

In Fig. 10, the 77-K PL spectrum shows a blue shift of
0.03 m (65.0 meV) for the disordered QWIP structure in
comparison to the as-grown structure. In addition, the broad
disordered QWIP structure exhibits a reduction in lumines-
cence intensity. This is attributed to the out-diffusion of Si
dopant atoms from the well and is strongly dependent on the
amount of disordering during the anneal. Fig. 11 illustrates the
6 K PL spectra of the samples capped with SiOand followed
by RTA at tempertaures 700, 800, 900C for 30 s. The
dependent of the blue shift in PL peak emission energies on
temperatures was observed (24.0 meV 0@ 700 C, 132.2

(a) (b)

Fig. 9. Cross-sectional TEM of the (a) as-grown, and (b) disordered (800�C
for 30 s) ultra-thin p-type InGaAs–InP MQW structures. Shown are the QW’s
(darker regions) and the barriers (lighter regions).

Fı.g. 10. PL spectra at 77 K of the (a) as-grown and (b) disordered (850�C,
30 s) n-type GaAs–AlGaAs MQW structure. A blue shift of 65 meV is
observed.

Fig. 11. PL spectra at 6 K of the as-grown and disordered (700, 800, and
900 �C for 30 s) ultra-thin p-type InGaAs–InP MQW structures.

meV @ 800 C, and 292.5 meV @ 900 C). In addition, Fig.
12 shows no significant degradation of the PL linewidth up to
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Fig. 12. 6-K PL linewidth of the as-grown and disordered (700, 800, and
900 �C for 30 s) ultra-thin p-type InGaAs–InP MQW structures.

Fig. 13. Room-temperature absorption spectrum of the (a) as-grown and (b)
disordered (850�C, 30 s) n-type GaAs–AlGaAs MQW structure. A red shift
of 16 meV is observed.

800 C RTA. Beyond 800 C RTA, disordered QWIP structure
also exhibits a reduction in peak luminescence intensity, which
may be due to the overall broadening of the peak response
as well as any defects that the annealing process might have
introduced.

The room-temperature intersubband absorption measure-
ments are shown in Fig. 13. The measurements were made
at room temperatures in the standard waveguide geometry
(45 edge coupling). The absorption of the buffer layer and
substrate were subtracted in order to isolate the absorption
of the QW structure. The broad intersubband absorption is
due to the continuum band above the energy barriers. The
absorption peak for the as-grown QWIP structure is measured
to be 9.67 m (128 meV), while its disordered QWIP shows
a broader response with the absorption peak at 11.09m (12
meV), resulting in a red shift of 1.42m (16 meV). The shift
of the absorption resonance in n-doped GaAs–AlGaAs QW’s
is due to both the interdiffusion-induced modification of the
confining potential and the decrease in the polarization shift
[27]. Shifting and broadening of the intersubband absorption

peak was observed. The broadened spectral response of the
structure is due to the nonuniform disordering within the
MQW structure. Each well in the broad spectrum structure has
a slightly different potential profile and yields a slightly dif-
ferent spectral response. Therefore, the total spectral response,
which is a summation of spectral responses from each well,
should be both broader and smaller in magnitude.

We also note that the magnitude of the energy shift of
the intersubband transition in the conduction band is not in
agreement with the interband energy shift, which should obey
the 67/33 conduction band to valence band offset ratio for the
AlGaAs–GaAs material system. This is due to the nature of the
PL measurement and depth dependence of thelayer disordering
during rapid thermal annealing. Since the pump light from the
He–Ne laser is strongly absorbed by GaAs, only the wells near
the top of the MQW stack can be probed and measured for
luminescence. Since these top wells have a larger amount of
disordering and intermixing than the average well in the stack,
the measured PL wavelength for the RTA MQW sample shows
a much larger blue shift than expected.

QWIP’s were fabricated from the as-grown and broad
spectrum samples into 200-m circular mesas by etching
through the upper contact layers and the MQW structures
down to the bottom contact layer. Ohmic contacts to the n-
doped contact layers are subsequently formed by evaporating
and alloying AuGe–Ni–Au (n-type GaAs–AlGaAs) or Ti–Au
(p-type InGaAs–InP) metallization. All dark current, spectral
response, and noise measurements on these as-grown and
broad spectrum QWIP’s were performed with the detectors
mounted on a stage which is in thermal contact with the cold
end of a continuous flow helium cryostat. The cryostat has
an IR transmitting KRS-5 window which gives the detectors
a 60 field-of-view for a 300 K background. The dark
current ( – ) characteristics of the QWIP were measured
with an HP 4145 semiconductor parameter analyzer at var-
ious temperatures. In order to obtain the absolute spectral
response of the as-grown and broad spectrum QWIP’s, both
blackbody and relative spectral response measurements were
performed. The detector were electrically connected to an
external bias circuit, and bias currents were supplied from
a battery in series with a large resistor which maintains a
constant bias current. The temperature-dependent dark current
versus voltage (– ) characteristics of the fabricated as-
grown and broad spectrum QWIP’s are shown in Fig. 14.
The dark current characteristics for the as-grown detectors
are in agreement with what is reported by several authors
[9]. At low temperatures and low biases, sequential tunneling
through the barriers is dominant. At very low temperatures and
intermediate bias, the as-grown detector exhibits a plateau in
the dark current. At high temperatures and low biases, the dark
current is dominated by thermionic emission of carriers from
the wells and thermally assisted tunneling through the barriers.
Fowler–Normham tunneling is the dominant mechanism with
impact ionization reported at very high biases.

At each temperature, the dark current of the broad spectrum
QWIP was higher than that of the as-grown detector, which
will affect the noise performance of the broad spectrum
QWIP. At low temperatures, both the as-grown and the broad
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(a)

(b)

Fig. 14. Dark current versus bias characteristics as a function of temperature
for the (a) as-grown (b) disordered (850�C, 30 s) n-type GaAs–AlGaAs
QWIP with cold shielding.

spectrum detectors exhibit a rapid increase in dark current at
high biases. The onset for rapid increase occurs at a lower
bias in the broad spectrum detector then in the as-grown
detector. At higher temperatures, both the as-grown and the
disordered detectors show a steady increase in the dark current
as a function of applied bias. The larger dark current of the
broad spectrum detector relative to the as-grown detector can
be understood by examining the effects of interdiffusion on the
energy subbands in a multiple-quantum structure. As shown
schematically in Fig. 15(a) for zero applied bias, and in Fig.
15(b) for applied bias, the ground state energy of an
annealed MQW structure is higher than of an as-grown
structure due to increased aluminum mole fraction inside the
well which results from layer intermixing during annealing.
At a given applied bias, the dark current is proportional to
the product of the energy dependent transmission coefficient
through the barrier and the Fermi–Dirac distribution integrated
over energy from ground state to infinity.

The rounded condition band edge profile of the disordered
MQW structure results in a higher tunneling probability for
electrons due to a larger transmission coefficient and lower
barrier height. Consequently, at higher temperatures, where
thermionic emission and thermally assisted tunneling domi-
nate, the dark current of the disordered detector is higher than
that of the as-grown detector. At low temperatures and low-
to moderate applied biases, the major contribution to the dark
current results from electron tunneling through its barrier. In

(a)

(b)

Fig. 15. A schematic diagram of an AlGaAs–GaAs superlattice before (solid
line) and after (dashed line) rapid thermal annealing with (a) zero applied
bias and (b) applied bias.E0

1
andE1 represent the zero bias ground state

eigenvalue of the as-grown and the RTA structure, respectively.E
0

1
(F ) and

E1(F ) represent the ground state eigenvalues under applied bias. Note the
difference in the effective barrier height of the two profiles for nonzero biases.

Fig. 16. Normalized photoresponse, of the as-grown (solid line) and the
disordered @ 850�C for 30 s (dotted line) n-type GaAs–AlGaAs QWIP at
T = 50 K. The response is measured for each QWIP biased to operate at
its peak performance.

this case, the dark current of the disordered structure lies at
higher energy than the as-grown detector, and transmission
of electrons through the barrier is larger due to a lower
effective barrier height. This lower effective barrier height
of the disordered detector may also explain the lower onset
voltage for the rapid increase in the dark current in the
disordered QWIP.

The spectral response and noise of the as-grown and broad
spectrum QWIP’s were measured with each detector biased
to operate at their peak blackbody response. In Fig. 16 we
show the normalized photoresponse for both the as-grown and
disordered detectors. The photoresponse data are based on 45
edge coupling. The peak response wavelength measured are
8.8 m for the as-grown detector and 9.6m for the disordered
detector. Since the grand state is higher and the effective
barrier height is lower in the broad spectrum QWIP than in
the as-grown QWIP, the peak response wavelength of the
disordered QWIP experiences a long wavelength shift [27], in
agreement with the room temperature intersubband absorption
measurement.

Authorized licensed use limited to: University of Washington Libraries. Downloaded on July 13, 2009 at 15:56 from IEEE Xplore.  Restrictions apply.



754 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 4, NO. 4, JULY/AUGUST 1998

From the blackbody and relative spectral response measure-
ments, the peak absolute responses are calculated using (1) to
be 0.37 A/W for the as-grown detector and 0.1557 A/W for
the disordered detector. The total absorbed optical intensity
is determined by integrating over wavelength the product
of the normalized spectral response and the blackbody
irradiance spectrum . The peak absolute response
(A/W) is calculated from the absorbed optical intensity and
the peak blackbody photocurrent as

(1)

where is the modulation factor of the chopped blackbody
source, is the aperture radius, is the distance between
the blackbody and QWIP, is the QWIP area, is the
transmission through the KRS-5 window, is the blackbody
temperature, and is the angle (45) of incident radiation. The
peak responsivity of the disordered QWIP is reduced to nearly
a factor of four from the as-grown structure. The unity gain
quantum efficiency is calculated from the absolute response
using (2). Once the peak absolute response is determined, the
unity gain quantum efficiency can be calculated using

(2)

where is the peak absolute response andis the peak
wavelength of the spectral response. The peak quantum ef-
ficiencies are 8.11% for the as-grown and 2% for the broad
spectrum GaAs–AlGaAs detector. The four times reduction
in quantum efficiency in the broad spectrum QWIP is due
primarily to the degraded peak responsivity and secondarily its
red shift in the peak region wavelength. Also, the decrease in
the response for the disordered QWIP could be attributed due
to the decrease in gain by scattering. Although the broadened
absorption spectrum of the SiOencapsulated disordered de-
tector can result in a reduced spectral response, we believe that
the dominant reduction is a consequence of the out-diffusion
of Si dopant from the well [28] and the increased dark current
throughout the disordered MQW structure. The out-diffusion
of Si atoms from the well reduced the surface concentration of
electrons in the ground state and yields a smaller absorption
coefficient. Using (3), the detectivity for a peak wavelength
of 8.8 m, a chopping frequency of 500 Hz and a noise
bandwidth of 1 Hz is calculated to be 1.44510 cm Hz/W
for the as-grown detector and 0.28710 cm Hz/W at a
peak wavelength of 9.6m for the disordered detector. The
detectivity (cm Hz/W) can be found using:

(3)

where is the peak absolute response, is the rms noise
current, is the detector area, and is the 1-Hz noise band-
width. Due to the increased dark current and noise along with a
decreased peak responsivity, the of the disordered QWIP
is five times lower than that of the as-grown QWIP. With
annealing, the rounding of the Al profile results in a reduction
of barrier width closest to the continuum, leading to a redshift

(a)

(b)

Fig. 17. (a) Bias dependence of the spectral response measured for the
as-grown p-type InGaAs–InP QWIP at 80 K. (b) Bias dependence of the
spectral response measured for the disordered @ 800�C for 30 s p-type
InGaAs–InP QWIP at 4.5 K.

in the barrier height. As such the thermionic emission current
and the thermally assisted tunneling is expected to rise leading
to a decrease in detectivity. Redshifting of the intersubband
absorption resonance arises both from interdiffusion-induced
modification of the confining potential and from a decrease
in the depolarization shift. The latter effect is due in part
to a decrease in the free-carrier concentration within the Si-
doped QW’s following rapid thermal annealing [27]. The
reduction in electron density by 80% (850C RTA) of the
as-grown value as observed by the Hall measurements [27],
indicates a loss of free carriers in the well for the intersubband
transition, attributing substantially to reducing the response
and hence the detectivity. But this reduction in detectivity for
the GaAs–AlGaAs QWIP may still be acceptable for focal
plane array detector applications. Recent advances in growth,
complimented by innovative structures ( random gratings and
reflector layers) should offset any degradation in performance
making feasible multiple-colored pixels. Fig. 17(a) and (b)
show the photoresponses for both the as-grown and disordered
InGaAs/InP detector with bias. The peak response wavelength
measured were 4.55 m (80 K, 5.9 V) for the as-grown
detector and 7.0 m (4.5 K, 4 V) for the disordered (800C,
30 s) detector. The peak absolute responses were calculated to
be 2.5 or A/W (80 K and 5.9 V) for the as-grown detector
and 2.0 mA/W (4.5 K and 4 V) for the disordered detector.
The peak absolute responsivity of the disordered detector is
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(a)

(b)

Fig. 18. One period of the MQW structure with its associated energy
eigenvalues for the first four subbands for (a) the as-grown QWIP and
(b) the disordered QWIP. All widths and compositions are taken from the
experimental dates (for n-type GaAs–AlGaAs QWIP).

of a similar magnitude compared to the as-grown detector
and the small reduction in the disordered QWIP response
is attributed to the out-diffusion of the Be-dopant from the
well. For the purpose of our initial comparative study, we
have assumed an approx flat optical response in the test
temperature regime for InP, as has been verified for GaAs [9].
Further research efforts will attempt extending the temperature
ranges and biases. Recent advances in growth, complimented
by innovative structures (gratings and reflector layers) should
offset any degradation in performance. This makes feasible
integration of multiple-colored pixels.

V. COMPARISONS WITH THEORY

The intersubband absorption coefficient spectrum of an
MQW or, in general, any periodic or superlattice structure can
be derived from Fermi’s Golden Rule using the momentum
matrix element [36] at

(4)

Fig. 19. The calculated absorption coefficient spectra for the as-grown and
the disordered n-type GaAs–AlGaAs QWIP. The only fitting parameter used
is the linewidth�.

where is the magnitude of the electronic charge, is the
refractive index of the material, is the free-space speed of
light, is the free-space permittivity, is the free-space
electron mass, and is the energy of a photon. is
the energy eigenvalue of a state with wave vectorin the

th subband of a periodic structure, and is the volume
density of electrons in the state . is the linewidth
of the phenomenological linewidth to account for scattering
broadening. The momentum matrix element for-polarized
light is given by

(5)

where is the wave function of the state and
is the electron effective mass. The energy eigenvalues

and wave functions are found by solving the one-dimensional
Schr̈odinger’s equation for an arbitrary periodic potential
profile which is given by

(6)

In general, the effective mass of an electron in an
A1GaAs–GaAs MQW structure is a function of the coordi-
nate . In order to model arbitrary periodic potential profile
structures such as as-grown and RTA MQW’s, we solve (6)
using a Fourier series method [37] to expand each function,
such as , , and , into a basis of complex
exponentials. Then, the Fourier series coefficients are solved
for each energy eigenvalue to find the wave functions.
The wave functions and energy eigenvalues from (6) are used
in (4) and (5) to calculate the absorption coefficient of the
structure.

To find the potential profile for an RTA MQW structure, it
is assumed that the mole fraction of aluminum atoms in one
period of an interdiffused MQW structure is given by

(7)

where is the well width, is the mole fraction of
aluminum in the barrier before RTA, is the interdiffusion
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coefficient of aluminum when using an SiOencapsulant, and
is the anneal time.
The one period of the potential profile and the associated

energies of the lowest three subbands are plotted in Fig. 18
for both the as-grown and RTA MQW structures. All values,
such as the well and barrier widths and compositions, are
taken from the experimental data and growth parameters. An
interdiffusion coefficient of DAl 4 Å /s and a diffusion
time of 30 s is used for the disordered GaAs/AlGaAs
structure, which yields a diffusion length of 11̊A. The value
of the interdiffusion coefficient was chosen such that the
resulting energy eigenvalues matched the amount of red shift
in the intersubband absorption energy measured in Fig. 13. The
resulting diffusion length is consistent with the TEM measure-
ment of Fig. 6. In Fig. 19, the absorption coefficient spectra for
both as-grown and disordered GaAs–AlGaAs MQW structures
are shown. In this case, a broadening parameterwas changed
from 20 to 30 meV in order to account for the broadened
response of the RTA structure, and it is the only fitting
parameter used in our model. We note that the peak absorption
wavelength and general spectral shapes of the intersubband
absorption coefficient agrees well the experimental data shown
in Fig. 16.

VI. CONCLUSION

We have demonstrated that impurity-free vacancy disorder-
ing can be employed to both shift the operating wavelength
and to broaden the response of the GaAs and InP-based
QWIP following intermixing of the well and barrier layers
during rapid thermal annealing. The intermixing effect on
the energy levels is performed based on the Fourier series
method and obtain a very good fit. The use of impurity-
free vacancy disordering via dielectric encapsulation and rapid
thermal annealing changes the well profile of a QWIP and peak
wavelength, but the reduced responsivity indicates that this
technique is limited for sensitive IR detectors. Recent advances
in growth, complimented by innovative structures (random
gratings and reflector layers) should offset any degradation
in performance. This makes feasible integration of multiple-
colored/broad spectrum pixels.
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