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Vacancy-enhanced intermixing in highly strained InGaAs/GaAs multiple
quantum well photodetector
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Impurity-free vacancy disordering techniques using rapid thermal annealing with electron-beam
evaporated SiO2 encapsulant was utilized to study its effect on the optical and electrical properties
of the highly strained InGaAs/GaAs quantum well infrared photodetector. The photoluminescence
peak is blueshifted and its line width does not increase much, indicating the compositional
disordering of the quantum well structure and there is no strain relaxation or minimal deterioration
of the heterostructure quality. Both transverse electric and transverse magnetic infrared intersubband
transitions are retained and observed after intermixing. The absorption peak wavelength is
redshifted from the as grown 10.2mm to the interdiffused 10.5 and 11.2mm, for 5 and 10 s
annealing at 850 °C, respectively, without appreciable degradation in absorption strength.
Theoretical calculations of the absorption spectra are in good agreement with the experimental data.
Annealed responsivity spectra of both 0° and 90° polarization are of comparable amplitude but with
narrower spectra line width. Dark current of the annealed devices is found to be an order of
magnitude larger than the as-grown one at 77 K. ©1999 American Institute of Physics.
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I. INTRODUCTION

The study of long wavelength quantum well infrare
photodetector~QWIP! based on intersubband transitio
~ITs! has attracted much research interest and progre
rapidly1–8 since the first experimental demonstration of lar
dipole moment in AlGaAs/GaAs multiple quantum we
~MQW!.9 However, most of the studies have been limited
an AlGaAs/GaAs MQW system owing to the mature grow
and processing technology. Because of the polarization
lection rule, only incident light with a component of the ele
tric field parallel to the growth direction~z axis! can be ab-
sorbed in an-type QW. Normal incidence is possible on
with other optical coupling schemes.10 With the development
of strained layer QW and band gap engineering, a high q
ity pseudomorphic QW is achievable. It has been dem
strated that normal incident strained InGaAS/GaAs QWI11

are possible without grating coupling. Due to the sma
effective mass and the higher electron mobility,n-typed
InGaAs/GaAs QWIPs offer better infrared detector prop
ties than AlGaAs/GaAs material. But the thermal stability
strained layers, when subjected to heat treatment, is of p
importance in photonic integrated circuits applications, es
cially for structures with a higher In concentration. This
because the critical layer thickness is smaller in hig
strained heterostructure and there is an increased ris
strain relaxation by the generation of misfit dislocation d
ing thermal annealing.

a!Electronic mail: ehli@eee.hku.hk
3400021-8979/99/86(6)/3402/6/$15.00

Downloaded 25 Apr 2007 to 147.8.143.135. Redistribution subject to AIP
ed

e-

l-
-

r

-
f
e

e-

y
of
-

QW intermixing has attracted increasing attention
cently as a useful tool not only for spatially selective tuni
of the QW band gap, but also as a means to monolithic
integrate devices of differing functionality on a single su
strate without requiring additional lithography.12 Postgrowth
tuning of the AlGaAs/GaAs IT absorption peak wavelength13

and QWIP detection wavelength range14,15 have also been
demonstrated by this technology. In this article, the influen
of layers interdiffusion on the performance of a high
strainedn-doped In0.3Ga0.7As/GaAs QWIP at 850 °C is stud
ied. We demonstrate in our experiments that the QWIP
sorption wavelength can be tuned to a redshift of;1 mm and
the heterostructure quality is not deteriorated by means
impurity-free vacancy disordering. Both the TE and TM i
tersubband transitions are observed after intermixing and
responsivity of these annealed devices is comparable to
as-grown device. Theoretical calculation of the absorpt
spectra, taking into account the interdiffusion and strain
fects, is shown to be in good agreement with the experim
tal results. We also show that the dark current characteris
and the carriers transport properties under an applied ele
field have been modified after interdiffusion.

II. EXPERIMENT

The QWIP samples used in this study were grown
molecular beam epitaxy~MBE! on a ~100! semi-insulating
GaAs substrate. The MQW consists of 50 periods of 40
wide In0.3Ga0.7As wells and 300-Å-thick undoped GaAs ba
rier layers. The wells were doped with Si to a density
about 231018cm23. The top and bottom of the MQW ha
2 © 1999 American Institute of Physics
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n1 GaAs cap~0.5mm! and buffer ~1 mm! layers, respec-
tively, for ohmic contacts. Each QW was designed to ha
only one bound state inside the well and the first excited s
in the continuum above the barrier. The energy differen
between the first two eigenstates approximately correspo
to wavelength>10 mm (\v5124 meV). Prior to annealing
process, approximately a 250-nm-thick SiO2 dielectric layer
was deposited on the samples surface using an electron-b
evaporator. Rapid thermal annealing~RTA! was carried out
using a halogen lamp annealing system~AST SHS 10! with
double strip graphite heater in nitrogen ambient. During
nealing, the sample surfaces were protected from sur
degradation by means of a GaAs proximity cap. One of
samples was annealed for anneal timetA55 s at 850 °C
while the other fortA510 s at the same temperature. Me
diode (2003200mm2) were fabricated using standard litho
graphic technique and wet chemical etching. AuGe/Ni/
alloyed ohmic contacts were made to the top and bot
contact layers of the device.

III. THEORETICAL MODEL

The interdiffusion process in this model is based on
thermal induced intermixing of Ga and In atoms in t
InGaAs/GaAs MQW. The diffusion of group III atoms in th
model is described by the Fick’s law with equal and const
diffusion coefficients16 in both the well and barrier layers
The extent of interdiffusion is characterized by the diffusi
lengthLd5(Dt)1/2, whereD is diffusion coefficient andt is
diffusion time. The In composition profile,w(z), as a func-
tion of Ld is given by

w~z!5
w0

2 H erfFLz12z

4Ld
G1erfFLz22z

4Ld
G J , ~1!

where w0 is the as-grown In mole fraction,z denotes the
coordinate along the crystal growth direction,Lz is the as-
grown well width, and erf(y) denotes the error function
From the diffused In composition profile defined by Eq.~1!,
interdiffused QW parameters can be calculated separa
including band gap,Eg(z)5Eg@w5w(z)#, well-barrier dis-
continuity, DEg(z)5Eg(z)2Eg(z50), and well depth,
Vc(z)5QcDEg(z), where the subscriptC denotes the elec
tron in the conduction band andQc is the conduction band
offset. To account for the effect of strain, the interdiffusi
induced QW confinement profile,Uc(z), is defined as:
Uc(z)5Qc@Eg(z)2Eg(z50)#2S'c(z), where S'c(z)
5QcS'(z). The change in the bulk band gap,S'(z), due to
the biaxial component of strain is given byS'(z)
522a@(c112c12)/c11#e,17 wherea is the hydrostatic defor-
mation potential,ci j ’s are the elastic stiffness, ande is the
in-plane strain. With the material parameters listed in Tab
and the interdiffused QW parameters obtained earlier,
energies and envelope functions of the electron subb
edge at the zone center of the Brillouin zone, and the in
subband absorption are calculated based on the model
scribed in Ref. 25. The diffusion coefficientD is determined
by fitting the calculated intersubband transition energies w
Downloaded 25 Apr 2007 to 147.8.143.135. Redistribution subject to AIP
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the measured energy shift of the absorption spectra in Fig
It gives a value ofD51.3310215cm2 s21 to an error within
0.1 meV.

IV. RESULT AND DISCUSSION

Photoluminescence~PL! measurements were performe
at 4.5 K using the 514.5 nm argon laser at a power of 2
mW prior to and following the annealing. Figure 1 shows t
PL spectra of the as-grown and annealed MQW. The
peak shifts progressively to higher energy with anneal ti
from as-grown 1.316–1.319 and 1.323 eV, respectively. T
blueshift of the band gap energy indicates the intermixing
group III elements near the heterostructure interfaces and
changes in the ground state energy of both the conduc
and valence bands. The peak intensity of thetA55 s sample
is increased by nearly one fold in magnitude, while that
the tA510 s sample is decreased by almost the same or
with respect to the as-grown sample. The increase in
peak luminescent intensity may be due to the removal
nonradiative centers from the InGaAs/GaAs interfaces. A
the reduction in intensity with successive intermixing is mo
likely due to the defects that act as trapping centers in
duced during the annealing process. The full width at h
maximum~FWHM! PL line width of the annealed sample
does not increase much as compare to the as-grown sam

TABLE I. List of parameters used in the numerical calculation. Note t
the value ofD andG are fitting parameters.

InxGa12xAs/GaAs

Eg ~eV! 1.42521.501x1.436x2

mc /m0 0.063220.0419x
mhh /m0 0.520.09x
mlh /m0 0.08820.064x
C11(1011 dyn/cm2) 11.923.571x
C12(1011 dyn/cm2) 5.3820.854x
T ~K! 300
D ~cm2/s! 1.3310215

G ~eV! 0.028
Qc 0.7

FIG. 1. PL spectra of the as-grown, 5 and 10 s interdiffused InGaAs/G
MQW at T54.5 K.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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about 4 and 1 meV, for the 5 and 10 s annealed samp
respectively. Since the well width is below the critical thic
ness for 30% In concentration, the small variation in
FWHM may indicate that the onset of strain relaxation
misfit dislocation formation has not been initiated and t
there may even be a recovery of strain or an improvemen
the heterostructural quality after RTA.18,19 The PL peak
broadening for the shorter annealed sample is believed du
the native defects near the surface incorporated du
growth. Peaks were also observed at about 1.5 eV, which
redshifted with interdiffusion, in contrast to the PL pea
observed earlier. These peaks may be due to the lumi
cence from the GaAs either in the top cap layer or the bot
buffer layer of the MQW.

Intersubband absorption measurement was taken u
Nicolet Magna-IR 850 Fourier transform infrared spectro
eter at room temperature with a 45° polished multip
waveguide geometry. The spatial resolution of this techni
is about 4 cm21. Effect of interdiffusion on the intersubban
optical absorption of annealed QWs is evidenced in Fig
where the as-grown absorption peak is redshifted line
with anneal time for both polarizations. For 0° angle pol
ization, i.e., a mixture of TE and TM polarizations that co
tains a component of photon electric field along the grow
~z! direction as well as a component in the plane of the l
ers, the absorption peak is shifted from the as-grown
cm21 ~at 10.2mm! to 949~at 10.5mm! and 910 cm21 ~11.2
mm!, for the 5 and 10 s annealed samples, respectiv
Whereas for normal incident~TE! absorption~the result of
band-mixing effects induced by the coupling between
conduction and valence band and is usually forbidden in c
ventional polarization selection rule!,20 the absorption peak
is shifted with increasingtA from 1124 cm21 ~at 8.9mm! to
1080~at 9.26mm! and 1057 cm21 ~at 9.46mm!, respectively.
The difference in the peak wavelength between the two
larizations is due to theD2d tetragonal perturbation of th
local crystal and strain field effects on the QW.21 The red-
shift of the absorption peaks may indicate the subb
ground-state energyE1 and the first excited-state energyE2

~at which oscillator strength,f, is a maximum! are being
modified ~for e.g., E1 being pushed higher orE2 being

FIG. 2. The redshift of the absorption peak as a function of annealing
for 0° and 90° polarizations. The lines are an aid to the eye.
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pulled closer to the barrier height or both happen simu
neously! and/or the interdiffusion-induced changes in t
doping-dependent depolarization shift,9 which result in the
postgrowth tuning of the absorption wavelength.

Note in Fig. 3~a! that for 0° polarization, the anneale
absorption spectra reduce in amplitude and undergo bro
ening with increasing anneal time. Also shown in Fig.
@curve~b!# is the absorption spectra at 90° polarization. T
annealed spectra also broaden in shape even though its
plitude cannot be compared directly after the curves are
ing shifted vertically for clarity. It is known that Ga is ver
soluble in SiO2 at an elevated temperature. As intermixin
process proceeds, an increase in the concentration of g
III vacancies in the QW is expected due to the diffusion
Ga into the SiO2 dielectric layer. This will in turn increase
the dopant~Si! diffusion rate across the heterointerfaces
the undoped GaAs barrier and the encapsulant layer,
consequence of Fermi-level effect.22 The out diffusion of Si
across the interfaces during interdiffusion process not o
reduces the free carrier concentration but also enhances
ers intermixing. Since absorption coefficienta(hv)}rs (rs

is the two dimension electron density in the well!, the reduc-
tion in the number of free carrier available to be excited
the incident IR radiation may render to a reduction in t
absorbance. In addition to the reduction in carrier dens
the impurity scattering together with the modification in su
band structure give rise to the broadening and decreas
amplitude of the absorption spectra. ButE2 remains in the
continuum under different annealed conditions produc
here, as can be seen from the high-energy tail and the as
metry of all the absorption spectra shown in Fig. 3~a!, which
are the characteristic features of bound-to-continuum in
subband transition in QWs.23 Theoretical calculation of the
normalized absorption spectra are shown in Fig. 4~where
broadening factorG528, 29, and 31 meV are adopted for th
as-grown,tA55 and 10 s samples!, where the absorption

e

FIG. 3. Absorption spectra of the as-grown, 5 and 10 s annealed samp
300 K as a function of wavelength for~a! 0° (TE1TM) polarization and~b!
90° ~TE! polarizations.~The curves have been shifted vertically for clarity!
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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peak, spectra width, and spectra shapes are in good a
ment with the measured results.

Leakage current was measured with the sample mou
on a cold finger at 77 K using 4156A Parameter Analyz
The (I –V) characteristic is shown in Fig. 5. Note the asy
metry of theI –V curves between the two polarities. For th
as-grown sample, leakage current is higher in reverse
~i.e., mesa top negative! than in forward bias, which is attrib
uted to the diffusion of dopant species to the growth fro
during growth or the asymmetrical MBE growth between t
GaAs and In0.3Ga0.7As interfaces.23,24 In contrast to this, the
annealed devices exhibit an opposite trend, where the l
age currents are higher at forward bias, and they inter
and overlap with each other in reverse bias. We attribute
to the difference in diffusion rate of In and Ga species acr
the MQW interfaces, which results in lower barrier heigh25

seen by the thermally excited electrons, and the redistr

FIG. 4. Normalized absorption spectra of the as-grown, 5 and 10 s anne
samples~from right to left! at 300 K as a function of wavelength~solid line:
experimental results, dotted line: calculated results!.

FIG. 5. I –V curve of the as-grown and annealed samples atT577 K as a
function of bias.
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tion of dopant impurity as described earlier. These two f
tors together with the thinning of the 300 Å barrier not on
result in the asymmetryI –V curves, but also give rise to
nearly an order of magnitude higher in leakage current at
K, as a consequence of annealing.

Figure 6 shows the leakage currents as a function of
reciprocal of temperature. It is interesting to note that
annealed leakage currents are not very sensitive to temp
ture variation. The leakage currents remain approxima
constant forT,50 K and increase linearly with higher tem
perature. Note also that the leakage current of the anne
devices atT,50 K is 4 or more orders of magnitude larg
than the as-grown sample. AtT.50 K where thermionic
emission mechanism is dominant, all leakage currents
crease linearly to almost the same magnitude atT590 K.
For temperature range fromT525– 90 K, the overall dark
current is increased by nearly one order of magnitude and
a factor of 8, for thetA55 and 10 s samples, respectivel
while the as-grown sample is increased by more than 5
ders of magnitude. Since the leakage current at low temp
ture is mainly dominated by a tunneling mechanism,
huge increase in leakage current atT,50 K is probably re-
lated to the defect assisted tunneling.26 This is most likely
due to the intermixing of Si and group III constituent atom
in the heterostructure22 which introduce defects~group III
vacancies! and dopant impurity into the barrier and result
significant increase of electron tunneling through the def
states in the barrier. A further demonstration of this is sho
in Fig. 7 where the leakage currents of the annealed sam
are very sensitive to bias even at a low temperatureT
525 K. The dark current of thetA55 s sample increase
more rapidly at biasuVbu.170 mV; while the 10 s anneale
device increases at a even higher slope, with the leak
current intersecting and surpassing that of thetA55 s sample
at uVbu>370 mV. But the as-grown leakage current rema
flattened throughout the range of bias considered.

The photocurrent was measured using grating mo
chromator and glowbar source with lock-in detection. A 4
facet was polished at one end of the device to couple the

ledFIG. 6. Leakage current atV51 V as a function of the reciprocal of tem
perature in the range between 25 and 90 K. The lines are an aid to the
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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radiation into the detector structures.27 A polarizer was in-
serted in front of the glowbar source in order to study
polarization dependence of the photoresponse. Figur
shows the response spectra for 0° and 90° polarizations
function of wavelength at 25 K. The responsivity peaks
redshifted in both spectra, independent of polarization, w
respect to the as-grown spectrum. Note in the as-grown s
tra that a few satellite peaks appear at rather identical wa
length positions in both as-grown spectra. Since there is o
one bound state in the well and the excited state is above
barrier in the continuum, these satellite peaks are most p
ably due to the intersubband transition fromE1 to other ex-
cited states in the continuum28 or to the interaction betwee
E2 and other states in the continuum.29 However, all these
peaks are subdued, as shown in Fig. 8, except for the
signed transition peaks that appear in the annealed sp
following RTA. We attribute this to the intermixing induce
modification of the QW subband energy states both in
well and the continuum.

FIG. 7. I –V curve of the as-grown and annealed samples atT525 K as a
function of bias.

FIG. 8. Photoresponse spectra at 25 K of the as-grown, 5 and 10 s ann
samples bias at 2.5, 1.05, and 1.65 V for~a! 0° polarization and~b! 90°
polarization, as a function of wavelength.
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Figure 8~a! shows the measurement results for 0° pol
ized responsivity atT525 K. The responsivity amplitude
are 0.8, 0.79, and 0.77 A/W, respectively, for the as-gro
~0 s! and annealed (tA55 and 10 s! detectors. The three
spectra are of comparable magnitude except that the FW
of the annealed spectra is smaller than the as-grown s
trum, as intersubband transitions to other continuum sta
are no longer prominent in the annealed spectra. Note tha
the spectra have almost identical rising edge. This is as
pected since the MQW properties and its structure have
been substantially modified or deteriorated after interdif
sion. The extent of intermixing may not have lowered t
barrier height considerably such that those carriers be
photoexcited to the extended state above the barrier ‘‘s
approximately the same height and are ready to be colle
as photocurrent. It is known that the discrepancy of pe
position between absorption and responsivity spectra is
ther due to the increase of barrier height when the temp
ture is lowered30 or the applied electric field.31 However,
unlike the annealed absorption spectra, the peak position
the annealed photoresponse do not differ significantly at b
polarizations. This phenomenon is probably due to the
sults of different extents of intermixing on the band stru
ture, polarization effect, low temperature influence, and d
ference in applied bias. Further work is required to clar
this phenomenon. As the polarization angle is rotated fr
0° to 90°, four pronounced response peaks are observe
the as-grown spectrum of Fig. 8~b!. It is also interesting to
note that, in contrast to 0° polarization, the continuum re
nances are more dominant in the as-grown spectrum with
dominant peak response occurring at a shorter but not
designed wavelength. Each individual photoresponse s
trum exhibits a different cutoff wavelength under normal i
cidence illumination, as illustrated in Fig. 8~b!. However,
this phenomenon is not obvious in the annealed spe
where the photoresponse peak redshifts and locates
wavelength position similar to that at 0° polarization. No
also that the responsivity of thetA55 s sample has a large
amplitude than the as-grown andtA510 s samples in the
wavelength range of interest between 9 and 10mm.

The bias dependence of the responsivity at 0° polar
tion for both polarities is shown in Fig. 9. Interestingly, th
photoresponse also shows a pronounced asymmetry sim
to theI –V characteristic, i.e., the as-grown device has lar
responsivity at negative bias while the annealed respons
ties have larger magnitude at positive bias, with respec
the reversal of polarity. This indicates that both the photo
cited and nonphotoexcited carriers have similar escape d
tion under bias and that the transport characteristic is m
fied after interdiffusion. Since interdiffusion will introduc
vacancies and dopand~Si!, which act as a kind of defect, into
both the barrier and the well, when an electric field is appl
to collect the photoexcited carriers, some of the carriers m
be trapped by this kind of defect. This may have resulted
the poorer collect efficiency of the interdiffused QWIP an
therefore, lower responsivity under different biases. The
sponsivity versus bias is quite linear for the three respon
which is an indication of another typical behavior for
bound-to-continuum QWIP.32 This is because no tunneling i

led
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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required and the photoexcited carriers that transport ab
the barrier have a relatively high mobility. The annealed
sponsivities increase with bias and reach a maximum at
smaller than the as-grown device~the 5 s annealed respons
saturates and decreases at the lowest bias for both polari!,
after which they strongly decrease with bias. Since the b
structure is modified after intermixing, this is most probab
due to the intervalley scattering33 where the electrons in th
G valley scatter into theL or X valley minima under an
applied electric field, as a result of interdiffusion.

V. CONCLUSION

In conclusion, high In composition pseudomorphic inte
diffused InGaAs/GaAs QWIP using dopant-enhanced in
diffusion has been demonstrated for its post-growth tuna
ity. PL measurement results show that no strain relaxatio
deterioration in structure quality is observed in the high
strained MQW heterostructure at 850 °C. The TE polari
tion IR intersubband transition, as a result of the ba
mixing effects, is preserved, indicating that interdiffusi
preserves the intrinsic optical characteristic of the QWIP m
terial. With the modification of subband structure after RT
both 0° and 90° polarizations annealed absorption peaks
redshifted with respect to the as-grown sample without m
degradation in absorption strength. Photoresponse peaks
to resonances in the continuum states are subdued afte
terdiffusion. The annealed photoresponse spectra for 0°
larization are comparable to the as-grown device with a n
rower FWHM, while the designed photoresponse pe
becomes dominant at 90° polarization following RTA. T
I –V characteristic of the annealed devices is about an o
higher in amplitude than the as-grown one at 77 K due to
defect-assisted tunneling and is less sensitive to the varia
in temperature range from 25 to 90 K. We believe the
nealed leakage current can be lowered by optimizing
QWIP structure, such as with thinker barrier, to impede

FIG. 9. Bias dependent responsivity of as-grown~solid line!, 5 s annealed
~dotted line!, and 10 s annealed~dash line! samples as a function of bias a
0° polarization.
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tunneling mechanism. Thus, interdiffusion is shown to be
useful tool for its ability to fine tune the various aspects
photodetector’s performance for grating-free normal incid
broadband and multicolor IR applications.
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