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Vacancy-enhanced intermixing in highly strained InGaAs/GaAs multiple
guantum well photodetector
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Impurity-free vacancy disordering techniques using rapid thermal annealing with electron-beam
evaporated Si@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 10,2m to the interdiffused 10.5 and 11/2m, 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. 1899 American Institute of Physics.
[S0021-897€09)04416-3

I. INTRODUCTION QW intermixing has attracted increasing attention re-
cently as a useful tool not only for spatially selective tuning
The study of long wavelength quantum well infrared of the QW band gap, but also as a means to monolithically
photodetector(QWIP) based on intersubband transitions integrate devices of differing functionality on a single sub-
(ITs) has attracted much research interest and progressetrate without requiring additional lithograpf%Postgrowth
rapidly*~® since the first experimental demonstration of largetuning of the AlGaAs/GaAs IT absorption peak waveledgth
dipole moment in AlGaAs/GaAs multiple quantum well and QWIP detection wavelength rang& have also been
(MQW).° However, most of the studies have been limited todemonstrated by this technology. In this article, the influence
an AlGaAs/GaAs MQW system owing to the mature growthof layers interdiffusion on the performance of a highly
and processing technology. Because of the polarization s&trainedn-doped Ip sGa, ;As/GaAs QWIP at 850 °C is stud-
lection rule, only incident light with a component of the elec- ied. We demonstrate in our experiments that the QWIP ab-
tric field parallel to the growth directiofz axis) can be ab- ~ sorption wavelength can be tuned to a redshift-df um and
sorbed in an-type QW. Normal incidence is possible only the heterostructure quality is not deteriorated by means of
with other optical coupling schemé&&Wwith the development impurity-free vacancy disordering. Both the TE and TM in-
of strained layer QW and band gap engineering, a high quapersubba_m_d transitions are observeq after intermixing and the
ity pseudomorphic QW is achievable. It has been demont€SPonsivity of these annealed devices is comparable to the
strated that normal incident strained InGaAS/GaAs Qtyip as-grown device. Theoretical calculation of the absorption
are possible without grating coupling. Due to the smallerSPGCtr_a' taking into a_ccount the interdiffus_ion and strai_n ef-
effective mass and the higher electron mobilitytyped fects, is shown to be in good agreement with the experimen-
InGaAs/GaAs QWIPs offer better infrared detector proper_tal results. We also show that the_ dark current charactenstps
ties than AlGaAs/GaAs material. But the thermal stability of"’.md the carriers transport propgrtles yndgr an applied electric
strained layers, when subjected to heat treatment, is of priméeId have been modified after interdiffusion.
importance in photonic integrated circuits applications, espe-
cially for structures with a higher In concentration. This is Il. EXPERIMENT

because the critical layer thickness is smaller in highly The QWIP samples used in this study were grown by

strained heterostructure and there is an increased risk of jiocular beam epitaxyMBE) on a (100 semi-insulating
strain relaxation by the generation of misfit dislocation dur'GaAs substrate. The MQW consists of 50 periods of 40 A

ing thermal annealing. wide Iny 5G& -As wells and 300-A-thick undoped GaAs bar-
rier layers. The wells were doped with Si to a density of

aElectronic mail: ehli@eee.hku.hk about 2<10®cm™3, The top and bottom of the MQW had
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nt GaAs cap(0.5um) and buffer (1 um) layers, respec- TABLE I List of parameters used in the numerical calculation. Note that
tively, for ohmic contacts. Each QW was designed to havehe value oD and[" are fitting parameters.
only one bound state inside the well and the first excited state

In,Ga, _,As/GaAs
in the continuum above the barrier. The energy difference ;
between the first two eigenstates approximately corresponds qu (ﬁ]v) 1'435&3 g'zs_og(;f;&
to wavelength%l_o pum (hw=124 me\(). Pnor to armealmg mih/rﬁo " 0.5-0.0%
process, approximately a 250-nm-thick Sielectric layer My /Mo 0.088- 0.064
was deposited on the samples surface using an electron-beamc,,(10' dyn/cn?) 11.9-3.57k
evaporator. Rapid thermal annealifRTA) was carried out C1(10* dyn/cnrf) 5.38-0.854
using a halogen lamp annealing systéh$T SHS 10 with T (Kgnz 800
double strip graphite heater in nitrogen ambient. During an- D((gv) 9 1'3501208
nealing, the sample surfaces were protected from surface 0.7
degradation by means of a GaAs proximity cap. One of the :

samples was annealed for anneal titpe=5s at 850°C
while the other fort,=10s at the same temperature. Mesa ) ) o
diode (200< 200.m?) were fabricated using standard litho- the.measured energy shift of the absorption spectra in _F|g. 2.
graphic technique and wet chemical etching. AuGe/Ni/Ault gives a value oD =1.3x 10 *°cnf*s * to an error within
alloyed ohmic contacts were made to the top and botton®-1 MeV.

contact layers of the device.

IV. RESULT AND DISCUSSION

PhotoluminescencéL) measurements were performed
at 4.5 K using the 514.5 nm argon laser at a power of 200

) o o ) mW prior to and following the annealing. Figure 1 shows the
The interdiffusion process in this model is based on thep| spectra of the as-grown and annealed MQW. The PL

thermal induced intermixing of Ga and In atoms in thepeak shifts progressively to higher energy with anneal time
InGaAs/GaAs MQW. The diffusion of group Ill atoms in the from as-grown 1.316—1.319 and 1.323 eV, respectively. The
model is described by the Fick’s law with equal and constantyeshift of the band gap energy indicates the intermixing of
diffusion coefficient® in both the well and barrier layers. group IIl elements near the heterostructure interfaces and the
The extent of interdiffusion is characterized by the diffusionchanges in the ground state energy of both the conduction
lengthL4=(Dt)"? whereD is diffusion coefficient andis  and valence bands. The peak intensity ofthe 5 s sample
diffusion time. The In composition profilay(z), as a func- s increased by nearly one fold in magnitude, while that of

tion of L4 is given by thet,=10s sample is decreased by almost the same order,

Ill. THEORETICAL MODEL

with respect to the as-grown sample. The increase in the
W(z)=% o L,+2z ter L,—2z 0 peak luminescent intensity may be due to the removal of
2 4L 4 aL4 |}’ nonradiative centers from the InGaAs/GaAs interfaces. And

the reduction in intensity with successive intermixing is most
likely due to the defects that act as trapping centers intro-

duced during the annealing process. The full width at half
grown well width, and erf) denotes the error function. maximum(FWHM) PL line width of the annealed samples

From the diffused In composition profile defined by E&),  does not increase much as compare to the as-grown sample;
interdiffused QW parameters can be calculated separately,

including band gapEy(z) = Eg[w=w(2)], well-barrier dis-
continuity, AE4(2)=E4(2) —E4(z=0), and well depth,
V(2) =Q:AE4(2), where the subscripf denotes the elec-

wherew, is the as-grown In mole fractiorg denotes the
coordinate along the crystal growth directidn, is the as-

i ! — As-grown
tron in the conduction band ar@, is the conduction band ;
offset. To account for the effect of strain, the interdiffusion i Py T 5s
induced QW confinement profilel(z), is defined as: I AV 10s
UC(Z)ZQC[EQ(Z)—Eg(Z=0)]—SLC(Z), where S, (2) .'I
=Q.S, (2). The change in the bulk band g&,(z), due to T=45K

the biaxial component of strain is given b, (2)
=—2a[(c1;—Cyp)/ci1]€e,t wherea is the hydrostatic defor-
mation potentialc;;'s are the elastic stiffness, andis the
in-plane strain. With the material parameters listed in Table |
and the interdiffused QW parameters obtained earlier, the
energies and envelope functions of the electron subban e N - ;
edge at the zone center of the Brillouin zone, and the inter- 120 125 130 135 140 145 150
subband absorption are calculated based on the models dec- Energy(eV)

scribed in Ref. 25. The diffusion coefficiebtis determined  fig. 1. PL spectra of the as-grown, 5 and 10 s interdiffused InGaAs/GaAs
by fitting the calculated intersubband transition energies wittMQW at T=4.5K.

Photoluminescence Intensity (a.u.)

1.56 1.60
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FIG. 2. The redshift of the absorption peak as a function of annealing time
for 0° and 90° polarizations. The lines are an aid to the eye.
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about 4 and 1 meV, for the 5 and 10 s annealed samplelgIG 3. Absornii
. . . . . . .3, ption spectra of the as-grown, 5 and 10 s annealed samples at

respectively. Since the well width is below the critical thick- 309 k as a function of wavelength féa) 0° (TE+TM) polarization andb)
ness for 30% In concentration, the small variation in PL90° (TE) polarizations(The curves have been shifted vertically for clajity.
FWHM may indicate that the onset of strain relaxation or
misfit dislocation formation has not been initiated and that
there may even be a recovery of strain or an improvement ipulled closer to the barrier height or both happen simulta-
the heterostructural quality after RTA!®° The PL peak neously and/or the interdiffusion-induced changes in the
broadening for the shorter annealed sample is believed due tioping-dependent depolarization sfiftyhich result in the
the native defects near the surface incorporated duringostgrowth tuning of the absorption wavelength.
growth. Peaks were also observed at about 1.5 eV, which are Note in Fig. 3a) that for 0° polarization, the annealed
redshifted with interdiffusion, in contrast to the PL peaksabsorption spectra reduce in amplitude and undergo broad-
observed earlier. These peaks may be due to the luminesning with increasing anneal time. Also shown in Fig. 3
cence from the GaAs either in the top cap layer or the bottonficurve (b)] is the absorption spectra at 90° polarization. The
buffer layer of the MQW. annealed spectra also broaden in shape even though its am-

Intersubband absorption measurement was taken usirgitude cannot be compared directly after the curves are be-
Nicolet Magna-IR 850 Fourier transform infrared spectrom-ing shifted vertically for clarity. It is known that Ga is very
eter at room temperature with a 45° polished multipassoluble in SiQ at an elevated temperature. As intermixing
waveguide geometry. The spatial resolution of this techniqu@rocess proceeds, an increase in the concentration of group
is about 4 cm®. Effect of interdiffusion on the intersubband Il vacancies in the QW is expected due to the diffusion of
optical absorption of annealed QWs is evidenced in Fig. Z5a into the SiQ dielectric layer. This will in turn increase
where the as-grown absorption peak is redshifted linearlghe dopant(Si) diffusion rate across the heterointerfaces to
with anneal time for both polarizations. For 0° angle polar-the undoped GaAs barrier and the encapsulant layer, as a
ization, i.e., a mixture of TE and TM polarizations that con- consequence of Fermi-level efféétThe out diffusion of Si
tains a component of photon electric field along the growthacross the interfaces during interdiffusion process not only
(2) direction as well as a component in the plane of the layreduces the free carrier concentration but also enhances lay-
ers, the absorption peak is shifted from the as-grown 98@rs intermixing. Since absorption coefficienthw) < ps (ps
cm 1 (at 10.2um) to 949(at 10.5um) and 910 cm? (11.2  is the two dimension electron density in the Wethe reduc-
um), for the 5 and 10 s annealed samples, respectivelytion in the number of free carrier available to be excited by
Whereas for normal incideTE) absorption(the result of the incident IR radiation may render to a reduction in the
band-mixing effects induced by the coupling between theabsorbance. In addition to the reduction in carrier density,
conduction and valence band and is usually forbidden in conthe impurity scattering together with the modification in sub-
ventional polarization selection ry|&’ the absorption peak band structure give rise to the broadening and decrease in
is shifted with increasing, from 1124 cm® (at 8.9um) to  amplitude of the absorption spectra. Beg remains in the
1080(at 9.26um) and 1057 crm (at 9.46um), respectively.  continuum under different annealed conditions produced
The difference in the peak wavelength between the two pohere, as can be seen from the high-energy tail and the asym-
larizations is due to th®,4 tetragonal perturbation of the metry of all the absorption spectra shown in Figa)3which
local crystal and strain field effects on the GWThe red- are the characteristic features of bound-to-continuum inter-
shift of the absorption peaks may indicate the subbangubband transition in QWS. Theoretical calculation of the
ground-state energlf; and the first excited-state energy  normalized absorption spectra are shown in Figwhere
(at which oscillator strengthf, is a maximum are being broadening factoF =28, 29, and 31 meV are adopted for the
modified (for e.g., E; being pushed higher oE, being as-grown,t,=5 and 10 s samplgswhere the absorption
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FIG. 4. Normalized absorption spectra of the as-grown, 5 and 10 s annealéﬂG'tG' L_eatI:]age currinttat= 1 ;/Sas 3 ;Lé)nc}itloTnhofl_the remproca_ldotf t?r:n'
samplegfrom right to lef at 300 K as a function of wavelengtkolid line: perature In the range between an - 'helines are an aid to the eye.
experimental results, dotted line: calculated regults

tion of dopant impurity as described earlier. These two fac-
peak, Spectra W|dth, and Spectra Shapes are in good agrégrs together with the thinning of the 300 A barrier not Only
ment with the measured results. result in the asymmetry—V curves, but also give rise to
Leakage current was measured with the sample mountedgarly an order of magnitude higher in leakage current at 77
on a cold finger at 77 K using 4156A Parameter AnalyzerK, as a consequence of annealing.
The (I-V) characteristic is shown in Fig. 5. Note the asym-  Figure 6 shows the leakage currents as a function of the
metry of thel -V curves between the two polarities. For the "éciprocal of temperature. It is interesting to note that the
as-grown sample, leakage current is higher in reverse biznealed leakage currents are not very sensitive to tempera-
(i.e., mesa top negatiy¢han in forward bias, which is attrib- ture variation. The leakage currents remain approximately
uted to the diffusion of dopant species to the growth frontconstant forT<50K and increase linearly with higher tem-
during growth or the asymmetrical MBE growth between thePerature. Note also that the leakage current of the annealed
GaAs and 1gsGa, ;As interface€3?*In contrast to this, the devices aff <50K is 4 or more orders of magnitude larger
annealed devices exhibit an opposite trend, where the leakban the as-grown sample. At>50K where thermionic
age currents are higher at forward bias, and they interse@mission mechanism is dominant, all leakage currents in-
and overlap with each other in reverse bias. We attribute thi§réase linearly to almost the same magnitudel at90 K.
to the difference in diffusion rate of In and Ga species acros§0r temperature range from=25-90K, the overall dark
the MQW interfaces, which results in lower barrier hefght currentis increased by nearly one order of magnitude and by
seen by the thermally excited electrons, and the redistribu@ factor of 8, for thet,=5 and 10 s samples, respectively,
while the as-grown sample is increased by more than 5 or-
ders of magnitude. Since the leakage current at low tempera-
ture is mainly dominated by a tunneling mechanism, the
T =77K 1o§..--"" huge increase in leakage currentTat 50 K is probably re-
lated to the defect assisted tunnelfigThis is most likely
due to the intermixing of Si and group Il constituent atoms
in the heterostructufé which introduce defectggroup llI
vacanciesand dopant impurity into the barrier and result in
significant increase of electron tunneling through the defect
states in the barrier. A further demonstration of this is shown
in Fig. 7 where the leakage currents of the annealed samples
are very sensitive to bias even at a low temperafiire
=25K. The dark current of thé,=5s sample increases
more rapidly at biagV,|>170 mV; while the 10 s annealed
device increases at a even higher slope, with the leakage
current intersecting and surpassing that ofttlre 5 s sample
at|Vp|=370mV. But the as-grown leakage current remains
flattened throughout the range of bias considered.
The photocurrent was measured using grating mono-
FIG. 5. 1=V curve of the as-grown and annealed sample§-af7K as a ~ chromator and glowbar source with lock-in detection. A 45°
function of bias. facet was polished at one end of the device to couple the IR
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Figure 8a) shows the measurement results for 0° polar-
ized responsivity alf=25K. The responsivity amplitudes
are 0.8, 0.79, and 0.77 A/W, respectively, for the as-grown
(0 9 and annealedtf=5 and 10 § detectors. The three
spectra are of comparable magnitude except that the FWHM
of the annealed spectra is smaller than the as-grown spec-
trum, as intersubband transitions to other continuum states
are no longer prominent in the annealed spectra. Note that all
the spectra have almost identical rising edge. This is as ex-
pected since the MQW properties and its structure have not
been substantially modified or deteriorated after interdiffu-

Dark current (A)

10° . . . sion. The extent of intermixing may not have lowered the
1.0 05 0.0 0.5 10 barrier h(_eight considerably such that those carrigrs being
Bias (V) photoexcited to the extended state above the barrier “see”

approximately the same height and are ready to be collected
FIG. 7. 1-V curve of the as-grown and annealed sampleE=ag5K as a  as photocurrent. It is known that the discrepancy of peak
function of bias. position between absorption and responsivity spectra is ei-
ther due to the increase of barrier height when the tempera-
ture is lowered or the applied electric field: However,
radiation into the detector structurésA polarizer was in-  unlike the annealed absorption spectra, the peak positions of
serted in front of the glowbar source in order to study thethe annealed photoresponse do not differ significantly at both
polarization dependence of the photoresponse. Figure Bolarizations. This phenomenon is probably due to the re-
shows the response spectra for 0° and 90° polarizations assalts of different extents of intermixing on the band struc-
function of wavelength at 25 K. The responsivity peaks areure, polarization effect, low temperature influence, and dif-
redshifted in both spectra, independent of polarization, witlference in applied bias. Further work is required to clarify
respect to the as-grown spectrum. Note in the as-grown speghis phenomenon. As the polarization angle is rotated from
tra that a few satellite peaks appear at rather identical waves° to 90°, four pronounced response peaks are observed in
length positions in both as-grown spectra. Since there is onlyhe as-grown spectrum of Fig(l. It is also interesting to
one bound state in the well and the excited state is above thgote that, in contrast to 0° polarization, the continuum reso-
barrier in the continuum, these satellite peaks are most prolyances are more dominant in the as-grown spectrum with the
ably due to the intersubband transition frdf to other ex-  dominant peak response occurring at a shorter but not the
cited states in the Continul}fgﬂor to the interaction between designed Wa\/e|ength_ Each individual photoresponse spec-
E, and other states in the continudthHowever, all these trum exhibits a different cutoff wavelength under normal in-
peaks are subdued, as shown in Fig. 8, except for the dejdence illumination, as illustrated in Fig(8. However,
signed transition peaks that appear in the annealed specigs phenomenon is not obvious in the annealed spectra
following RTA. We attribute this to the intermixing induced \here the photoresponse peak redshifts and locates at a
modification of the QW subband energy states both in th§avelength position similar to that at 0° polarization. Note
well and the continuum. also that the responsivity of thg=5 s sample has a larger
amplitude than the as-grown arig=10s samples in the
wavelength range of interest between 9 andubd.

0.8 As-giown ' . \, ' @) _ The bias depe_qder_me of the_ responsivity at 0° polariza-
- 5s 7\ tion for both polarities is shown in Fig. 9. Interestingly, the
0.6 108 ,{f \ photoresponse also shows a pronounced asymmetry similar
0.4} f ! to thel -V characteristic, i.e., the as-grown device has larger
g ,.;gi’f' 1 responsivity at negative bias while the annealed responsivi-
<02 ’,/**" Y\ ties have larger magnitude at positive bias, with respect to
g‘o 0 AR the reversal of polarity. This indicates that both the photoex-
'a As-grown () cited and nonphotoexcited carriers have similar escape direc-
g | 5s tion under bias and that the transport characteristic is modi-
@ 0.2F w108 fied after interdiffusion. Since interdiffusion will introduce
s ; 2% ;" vacancies and dopari8i), which act as a kind of defect, into
0.1} L both the barrier and the well, when an electric field is applied
_’,,,g.-*':" ‘\\ to collect the photoexcited carriers, some of the carriers may
0.0 g Mﬁ,..,»r{-“" . ) NN be trapped by this kind of defect. This may have resulted in
4 5 6 7 8 9 10 1M 12 the poorer collect efficiency of the interdiffused QWIP and,
Wavelength ( pm) therefore, lower responsivity under different biases. The re-

FIG. 8. Photoresponse spectra at 25 K of the as-grown, 5 and 10 s annealg 9n5|\(|ty ver;u; b"’?‘s Is quite linear for. the three .rGSponseS’
samples bias at 2.5, 1.05, and 1.65 V fay 0° polarization andb) 90° W ich is an indication of another typical behavior for a

polarization, as a function of wavelength. bound-to-continuum QWI?’Z.This is because no tunneling is
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12————7— — T tunneling mechanism. Thus, interdiffusion is shown to be a
T=25K | —— As-grown useful tool for its ability to fine tune the various aspects of
1or/\ | T 5s . photodetector’s performance for grating-free normal incident
—~ N | 10s broadband and multicolor IR applications.
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