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We have examined the influence of strain relaxation on the excitonic recombination and diffusion in
Ing .Ga&y AS/AL Gy _,As quantum-well (QW) samples designed for high-electron-mobility
transistors, using spectrally and spatially resolved polarized cathodolumines@@hge Six
molecular-beam epitaxial grown samples, with varying channel thicknesses ranging from 75 to 300
A, were examined at various temperatures between 87 and 300 K. An increase in misfit dislocation
density occurred with increasing channel thicknesses and resulted in changes in the dark line defect
(DLD) density, polarization anisotropy, QW excitonic luminescence energy, and luminescence
activation energy, as observed in CL. The influence of misfit dislocations on the ambipolar diffusion
of excess carriers in a direction parallel to the dislocation line, in varying proximity to the DLDs,
was examined with a CL-based diffusion experiment. The temperature dependence of the CL
imaging was examined, enabling a study of the spatial variation of the activation energies associated
with thermal quenching of the GaAsiAGa, ;sAs multiple QW and 1g.,GaAs QW
luminescence. The CL intensity exhibits an Arrenhius-type dependence on temperature and is
controlled by thermally activated nonradiative recombination. The activation energies for both the
Ing GaygAs QW and A} ,:Ga 75As MQW luminescence are found to vary spatially in close
proximity to the misfit dislocations. We have utilized a new approach to obtain 2D images of the
activation energies. The influence of the strain relaxation on the polarization and energy of the
Ing .GaysAs QW excitonic luminescence was examined with linearly polarized CL and CL
wavelength imaging. A strain-induced modification of the luminescence energy and an increase in
the polarization anisotropy was measured near DLDs. Thus, we find that certain DLDs exhibit
significant polarization and energy variations in their optical properties, in addition to their more
familiar nonradiative behavior. €996 American Vacuum Society.

[. INTRODUCTION excess carriers in nipi-doped gl§Ga, As/GaAs multiple

. . . i guantum wellfMQWSs) has been previously measured using
Th wth of high-quality st d fil flBa _ A . . :
© gro of high-quality strained films of 6 -,As n electron-beam-induced absorption modulation tech-

on GaAs substrates has several diverse applications ﬁ_ 1012 . ) T
millimeter-wave electronic devices, such as high-electronlidué:""~ In other studies, changes in the polarization an-
mobility transistorsHEMTs),*~3 and near-infrared photonic 1S0tropy and energy of excitonic luminescence in thick
devices, such as las&r§ and light modulatoré-2°The pri-  In,Ga _,As/GaAs films were found to correlate with the po-
mary deleterious effect of strain relaxation is to introducesition of dark line defectsDLDs) from studies of linearly
misfit dislocations at the i&a, _,As/GaAs interfaces which polarized cathodoluminescen@ePCL) and CL wavelength
can serve as nonradiative recombination centers and impedi@aging (CLWI).24-16

the transport of carrier$™** The generation of an asym-  |n this study we aim to further explore the interplay be-
metrical density of 60° dislocations along the orthogonalyeen the strain relaxation, optical properties, and transport
(11(_)) directions W|Il_also modify the biaxial symmetry of the properties in 1p,Ga, sAS/ALGa,_,As QW samples, de-
strain tensor, and induce an asymmetry in the transport Ogigned for HEMTs, using LPCL and CLWI. A four-bahdp

carriers®!2 and a polarization anisotropy in the excitonic o ) T

: 4-16 . . calculation is used to examine the energy and polarization
luminescence? ~**Electron-beam probes which yield greatervariations caused by the strain relaxation. A self-consistent
than a~1-um-scale resolution, such as in spatially and spec- y '

trally resolved cathodoluminescent@L), can help advance field cglculation using the transfer—matrix methpd is used to

our understanding of the influence of defects on the opticaflétermine the electron and hole eigenstates in the channel

and transport properties of quantum heterostructures. And the excitonic transition energies.

dislocation-induced asymmetry in the ambipolar diffusion of ~The temperature dependence of luminescence in QWs and
superlattices has been investigated previotislf;however,

3Electronic mail: danrich@alnitak.usc.edu only recently have we begun to examine the effects of ther-
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mal quenching of luminescence by misfit dislocations. Ther-
mal quenching of the luminescence has been interpreted in ; Mirror
several ways by different authors, and has been attributed to :
either thermal dissociation of excitons and thermally acti-

vated nonradiative recombinatidhpr due to thermal emis- (70 —

sion of carriers out of the QWs, resulting in a reduction of ~ AgMask800A—> — 50AGaAScap
luminescence intensity at higher temperati#fe$he tem- 530 A Alp 2583 75 —~L_/ carier \- < 5-doped Si
perature dependence of the CL imaging was examined here, .~ | | genereen - <= 0.2 s channel
in the 87—-250 K range, enabling a study of the spatial varia- < GaAs/AIGaAs MQW
tion of the activation energies associated with thermal GaAS (00T) substrate

guenching of luminescence near individual dislocations. The
CL intensity exhibits an Arrenhius-type dependence on théic. 1. Schematic diagram of the HEMT sample structure showing the am-
temperature and is controlled by thermally activated nonraPipolar diffusion length experiment.
diative recombination. We have utilized a new approach to
obtain 2D images of the activation energy.
In particular, we have also examined the change in the

ambipolar diffusion length of carriers parallel to and in closeqeasurement® The light collected was dispersed by a 0.25
proximity to misfit dislocations using a CL-based diffusion m monochromator and detected with a liquid-nitrogen-

experiment. The changes in diffusion length are measured i@ooled Gep-i-n diode detector. CL spectra were obtained

varying prox!m|ty to DLDs, and 'corr'elatlor?s with the CL with a spectral resolution of 1 nm. An electron-beam energy
intensity, activation energy, polarization anisotropy, and lu- ) :
. : . of 12 keV with varying beam currents from 0.1 to 10 nA was
minescence energy are established. A detailed study of the
CLWI, LPCL, activation energy imaging, and ambipolar dif- used to.probe the samples. The temperature pf the samples
fusion length variations is performed for two samples whosé"as varied between 87 and 300 K, for the various CL mea-
Ing ,Ga& sAs channel thicknesses are just beyond the criticaPurements. . ) )
thickness in order that fundamental optical and transport N CLWI, the wavelength, at which the intensity of
properties can be examined near individual dislocations withUminescence is a maximum is mapped as a function of the
a ~1 um spatial resolution. An examination of relaxation- SPatial &,y) position, and a gray scale or false color image
and defect-induced changes in carrier diffusion and luminesiepresenting these wavelengths is generstetf:*°A scan-
cence, on aum scale, is further essential in enabling anning area of 12894 um? is discretized into 648480 pix-
evaluation of fundamental design and growth parameter§ls. In order to determink,(x,y), a spectrum consisting of
necessary for optimized HEMT performance. 20 wavelength pointgobtained from 20 discrete monochro-
matic CL imageps was obtained at eachx/(y) position,
thereby enabling a mapping of the,hGa, As channel in-

Il EXPERIMENT terband transition energy. The wavelength ranges for the 150
Six HEMT devices were grown by molecular-beam and 185 A I ,Ga, s/As samples was from 960 to 965 nm and
epitaxy?'~** Each sample consisted of the following layers 967 to 977 nm, respectively. Spectrally integrated CL images

(in order from substrate to the surfacgrown on semi-  (panchromatic in the specified wavelength rangere like-
insulating GaAg001) substrates: a 1750-A-thick GaAs un- yjise obtained by summing the 20 discrete monochromatic
doped buffer layer; a GaAs/fb{Ga 7As MQW (~4_2'A' images at eachx(y) pixel position.

thick QWS; a 3000-A-thick undoped GaAs barier; an | poy imaging and spectroscopy measurements were
Ino_zc:i&?o_aAs QXV (channel varying in thickness from 75 10 0 yiith the polarizer rotated to detect the excitonic lumi-
300 A; a 530 A layer of Al :Ga, 7S, containing a>doped nescence witfEL[110] or EI[110], whereE is the electric

; - 2 a2\ wwithi .
Si layer(~5x10"* cm *) within about 30 A of the channel; field of the detected light. In order to emphasize the polar-

and a 50-A-thick undqped GaAg cap. These samples Weri%ation variations, the ratio of the LPCL images at eacly]
previously analyzed with transmission electron microscopy” .. "
osition is represented as ldg{x,y)/l,(x,y)], where |

(TEM), triple-axis x-ray diffraction(XRD), and Hall mea- P q he pixel i " d d
surements to establish a relationship between degradation ar I, are the pixel intensities undéL[110] and EI[110]

the device performance and the formation(bt0)-oriented detection orientations, normalized to a 256-level gray scale.
misfit dislocation€22 That study established that the onset 1he-L andll subscripts are defined with respect to [ti&0]

of a substantial device degradation occurred when misfit disdirection in this study.

locations formed along both(110 directions. High- The ambipolar diffusion lengths were measured using an
resolution XRD further showed that the average In compoapproach illustrated in Fig. 1. The HEMT samples were
sition x in the samples varied from 0.28%=<0.214. coated with a 800-A-thick Ag mask over part of the sample.

Scanning monochromatic CL, panchromatic CL, CLWI, The Ag film had lateral dimensions of 18000 um?, and
and LPCL were performed with a modified JEOL 840-Athe edges of these squares were oriented along(1h&
scanning electron microscop&:!® A rotatable linear polar- directions. The e-beam energy of 12 keV was sufficiently
izer was mountedin vacuo to perform polarization large so that-80% of the beam penetrated the Ag film and
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generated electrons and holes in the region just below th&stLe I. Linear dislocation densitieLDD) along the[110] and [110]

mask?’ The Ag mask prevented light from radiative recom- directions for the various f3Ga gAs channel thicknesses. The calculated
. . . . - and e, strains for each sample are shown.

bination in the generation region just below the mask from™2 1% P

being detected by the CL collection system; however, lumi- Channel [110] LDD  [110] LDD

nescence from carriers which diffused along the Q1 Hi- thickness(A) (em™) (cm™) €110 €110
rection(as shown in Fig. land recombined just beyond the 75 <1x 10t <1x10* 0.014129 0.014 129
edge of the mask was detected. By simultaneously scanning 150 3x10° <1x1(?  0.014068 0.014 127
the e beam toward the edge of the mask and recording the 185 5}10° 4.4x10° 0014027  0.014 120
integrated intensity of excitonic luminescence coming from 205 17100 5.5<10 0013785  0.014 117
the Iy .Ga gAs channel as a function of the distance from 250 H10° L1817 0013313 0014092
: : y 300 1.16<10° 25x10°  0.011769 0.014 078

the mask edge, we have measured the ambipolar diffusion
lengthLp, of carriers in the channel. From a simple diffu-
sion model, the CL intensity is proportional to expx/Lp),

as first demonstrated by Zareet al?® for transport in
GaAs/AlLGa _,As heterostructures using a similar CL ex- o ) _
periment. Our diffusion length experiment was performed for_l‘DD and resulting in-plane straing; o ande, 1, are shown
various line scans parallel to and in varying proximity to the

in Table | for the HEMT samples with varioussGa, sAS

DLDs in the samples with 150 and 185 Ay4Ga, /As chan- channel thicknesses. The linear dislocation densities were
nel thickness. Owing to the formation of an ofthogonal net-Obta'ned from_a cqmblnatlon of CL imaging and plan-view
EM. For CL imaging of DLDs, a maximum area 0.4

work of dislocations for channel thicknesses greater than 18% . . : Lo
A, we did not attempt this diffusion experiment in samplesx.o'4 mf I|m|t§d bé/ the f_|eld r?f I\_”[()EEI)V of the ellipsoidal
with thicker Iny sG& gAs channels. A nonexponential depen- mirror was used to determine the :

dence of the CL intensity would be expected for an e-beam In order to evaluate the average strain relaxation in the
crossing misfit dislocations in this situation, thus requiringInO-2G"Jb-8AS HEMT samples, we have examined spatially in-

more elaborate means to extract the diffusion lengths. tegratec_j CL spectra of these samples ?t room temperature, as
shown in Fig. 2. An area of 12894 ym“ was scanned dur-

ing the acquisition of the these spectra. The energy of the

peak position is found to decrease from 1.217 to 1.179 eV as

the channel thickness is increased from 150 to 300 A. The
IIl. RESULTS AND DISCUSSION first confined electron to heavy-holel—hh3} transition en-

A. Evaluation of the average strain relaxation in the
HEMT samples

An anisotropy was observed in the density @f10)-
oriented dislocations, where dislocations first form along
[110] and continue to have a greater density along this di-
rection as the channel thickness increases. The two types of
60° dislocations are chemically inequivalent, owing to the 300
difference in termination of the extra half-plane which, e.g.,
in the type-I(shuffle set has a Ga and As termination, re-
spectively, for the unreconstructed([110] line direction

T=296K In, ,Ga, As
Channel thickness (A)

and B ([110] line direction dislocation cores. For a nonvici- ’g 250
nal GaAg001) substratdi.e., nominally no misorientatiogrit 5
is well established that for single thin,f@a_,As (x<0.2) k)
films grown on GaAO01l), « dislocations are the first to % 205
form in relaxing the straif®2° This has previously been at- &
tributed to the different levels of stress required to nucleate f
and g dislocations and the differences dnand 8 dislocation O

propagation  velocities on nonvicinal GaR81) 185
substrate$®3! Recently, studies have shown that a misorien-
tation in the GaA&01) substrate can also affect the degree
of the asymmetry in ther and 3 dislocation density*6:32
Assuming a predominance of 60°-type misfit dislocations in - . . :
these samples, the average strain relaxation aloKil@ 900 1000 1100
direction is 0.02% for a linear dislocation densityDD) of Wavelength (nm)
1x10* cm 1.2° The maximum in-plane strain of 1.41% in the

Iny 2Ga gAs channel is therefore reduced in p_roport_ion to thers. 2. stack plot of spatially integrated CL spectra at room temperature for
orthogonal LDD. The averaggl10]- and [110]-oriented  all HEMT samples.

150
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0.0 0.27%0.8 In Ga. .As
L £ .. o1 0 0.27%.8 5
0.2 ] T S A . 150 A Channel
> r 1 < ] —_
> .04l @ 1 E -20 | N -
> ﬁj ﬁ\% had 1 3 S
2 i hh1 T 40 F 0
§ o00Ff P ar £ 5 o
w -0.2 ne=3x101zcm_2 . ‘-‘<‘,® 60 F uE
. 11
0.4 . Pseucliomorphllc ] ol T=296 K '
100 0 100 200 Pseudomorphic 49
, Distance (A) 0 1 9 3 4 5
1.35 12 -2
L (b) Ing ,Gag, gAs n, (x10 ~cm?™)
130F T Pseudomorphic

Ee1hni(eV)

Uniaxial strain
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Fic. 4. Self-consistent-field calculation of the maximum electric flelgin
the In,Ga gAs channel and change in the el-hhl transition energy vs
electron concentration, at room temperature.

1.20 .'\\\\ ----------- - used in calculating the field as a function of position in the
N Seall * channel. A similar method was employed to calculate the
TABE N T E field self-consistently in a nipi-doped JsGa, /As MQW
[T =206K ~ ==~~~ ] structure, as discussed in Ref. 10. The wave functions and
1.10 L : L potential were calculated self-consistently using Airy func-
100 200 300 400

QW thickness (A)

tions in the TMM by discretizing the potential into discrete
linear field regions with~5 A widths. The use of narrower
widths only negligibly affected the calculated electron and

Fic. 3. Self-consistent-field calculation of the band profile for the hole eigenstates. The conduction to valence-band offset ra-
InOdZGhiOiSAS HE';/lT St?mple(cgagnel _tTiCkfI\eSS f:_f 150)/55“?‘;““% ttf;e(??hel tios (AEJ/AE,) at both interfaces of the |Ga,_,As QW
A ical oLomna ot S eir::éye;’gsi’;?)ﬂ L(;”tgggg; g,;sonewi 4 Were taken as linear interpolations between 70/30 and 60/40
for the (i) fully strained, i) fully relaxed, (iii) uniaxially strained, andiv) ~ for GaAs/InGa,_,As and GaAs/A|Ga _As interfaces,
partially relaxed strair(squares conditions using the data in Table I. The respectivelf.ﬁ The results of a calculation showing the band
e 1 o e ot st S o ol raine 201G grounc-Site eleciron and ole wave funciens, and
INg.21Gay 7AS QW, to illustrate the affect of an In composition vari%lation. Fermi level for the pseudomorphic case is shown in Fig.
3(a). The ground-state electron and heavy-hole wave func-
tions are shown superimposed on the calculated band profile
ergy was calculated as a function of the channel thickness fan Fig. 3@. The maximum electric fieldF, in the
the cases of Ing.sGa gAs channel(for a 150 A width and the el—hhl
transition energy versus the electron concentration in the
channeln, at room temperature is shown in Fig. 4. The
maximum field in the channel occurs at the
Al 2:Gay 75As/Ing Gy gAS interface, resulting in Stark shifts
of the confined electron and hole states. The field-induced
The purpose of the top Ab<Ga, 75As barrier is to increase Stark shift decreases for a reduced electron concentration in
the confinement energy for electrons, thereby effectively inthe channel and S&doping concentration, resulting in a
creasing the electron density in the channel. The resultintarger e1—hh1 transition energy mgdecrease&s shown in
asymmetrical QW structur@vith a 150 A width subject to  Fig. 4).
an electric field created by the ionizeddoped Si layer is The strain-induced changes in the }Ga, gAs band edges
shown in Fig. 8a). were calculated using thex# Luttinger—Kohn and Pikus—
The electron and hole envelope wave-function calculaBir Hamiltonian for a general in-plane straig; o # €119,
tions were performed with a transfer-matrix meth@M)  referred to the(110) dislocation directions’*® The strain-
technique using a self-consistent-field approximation that ininduced energy chang&E of the band gap involving the
cludes the Hartree terf1:**=3°All occupied confined elec- j=3/2 valence bands is given by the following solution of
tron states, as determined by the Fermi-level position, weréhe orbital-strain Hamiltonian fok =0:1%3"

(i) fully biaxially strained(pseudomorphic
(i)  uniaxially strained,

(i)  fully relaxed, and

(iv) partially relaxed Ig.,Ga, gAs channels.

AE=—a(ent eyt e)* %\/4d26>2<y+ b2(2€,,— €4y— eyy)z-l— 3b?%(eyy— eyy)z, 1)
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wheree,, = €,y = (€1101 €110)/2, €xy = (€110 — €119/2, and

€,,7~ —2€,,C1JC1y; €10ande, g are the strains alond 10|

and [110] directions, respectively. The constants the hy-

drostatic deformation potentialy andd are uniaxial defor-

mation potentials associated with strains of tetragonal an
rhombohedral symmetries, respectively, which remove the (a) CL
degeneracy of the bands as indicated bythsign; C,; and

C,, are elastic constants; these constants fgG&_,As are

found by interpolating between values for GaAs and

INAs 33 The low symmetry of a9 # €170 Strain in the

Ing .Gay gAs channel required the use of the Luttinger—Kohn
Hamiltonian to determine the nGa, gAs effective mass of

holes along th@001] growth direction. Standard hole masses

and band gaps are used for,@l _,As. The Luttinger pa-

rameters are taken as a linearization, again, between the v:

ues for InAs and GaA¥ The effective masses and strain-
modified barrier heights were then used in the TMM
calculation to calculate the el—hh1 transition energies for (b) CLWI

(i) the pseudomorphic case o= €,170 = 0.0141),

(i) the uniaxial strain condition(e;,=0 and €y
=0.0142,

(iii)  thefully relaxed cased;1p= €110 = 0), and

(iv) the partially relaxed case with general strain values ' : _
€110ande; 7, as obtained from the measured disloca- ] ,
Eggsdensmes shown in Table | for each channel thick- 960 961 962 963 964 985nm

The results are shown in Fig(l8 as solid lines, medium- Fic. 5. (a) CL intensity and(p) CLWI images of the same regions in the
dashed lines, long-dashed lines, and squares for c@ses Ino 258y As HEMT sample with 150 A channel thickness.
(iv), respectively. The experimental el—hhl peak energies
(dotg are found to lie closest to the theoretical curve for the
pseudomorphiccase{;o= €1, = 0.0141). B. L(_)cal CL energy and polarization variations in close

The deviation between the experimental peak position®OXimity to dislocations
and pseudomorphic calculation increases as the channel Recently, we have established that there are significant
thickness increases, consistent with an increased strain relagnergy and polarization variations in the optical transitions in
ation of the Ip ;Ga gAs channel. The use of the measuredclose proximity to misfit dislocations, in addition to the non-
strains of Table | resulted in a better agreement between th@diative behavior of DLD$!~'® The previous systems ex-
experimental and calculated el—-hh1 transition energies, @mined were partially relaxed J&a ,As/GaAs films which
shown in Fig. 8). The CL imaging and plan-view TEM had linear dislocations densities greater thahx 10" cm™*
revealed an increase in the dislocation density with increas?” one dislocation pepm. Since the carrier diffusion length
ing channel thickness as shown in Table I. It is apparent thdf ~1 #m, defect densities greater thaw 10* _Cmfl resultin -
even for the case of the largest channel width of 300 A, thd?LDS that are composed of bunches of dislocations, which

largest dislocation density yields a strainegf,=0.0118, and pannot be resolveq indiv'idually with conventiongl CL imag-
the film is still ~84% strained in th¢110] direction. There- ing. Bunches of dislocations that are formed with very nar-

. . . row dislocation spacings can result in nearly complete strain
fore, the TMM calculations, when incorporating the ob- P g y P

d strain relaxati lain th lient feat fthe C elaxation along oné110 direction with a partial strain re-
served strain relaxation, explain the safient features ol the aining in the orthogonal direction. This can further result in

pea]( gnergies for varying chgnnel thicknesses.. Further, the quasi-uniaxial stress leading to a ladgd, polarization
deviation between the experiment and calculations for the,isatropy and a reduction in the excitonic transition energy,
partially relaxed casfdots and squares, respectively, in Fig. 54 previously reportetf 16

3(b)] is likely due to a variation in the In composition A We have pursued a similar analysis here for the case of
calculation of the el-hhl energy for a fully strained gisiocations separated by a length on average greater than the
INg 21G& 7dAs QW (short-dashed lingss shown in Fig. 8),  carrier diffusion length, so as to examine the effects of iso-
indicating a~10 meV decrease in the calculated el—-hhliated dislocations. Figures 5 and 6 sh@kCL intensity and
energy will occur for casef) and (iv) above ifx=0.21is (b) CLWI images of samples with 150 and 185 A channel
used instead ox=0.20 in these calculations. thicknesses, respectively. The false-color scale represents the

J. Vac. Sci. Technol. B, Vol. 14, No. 4, Jul/Aug 1996
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966
T= 87K Ing ,Ga, gAs, 160 A channel
964
2 U
£ i
~ 962 :
(a) CL
960
2 3
c
3
el IR : H
Kk AT AL A
Z ;
£ :
3 !
\
=
O 0 L L ) L L L
0 20 40 60 80 100 120
Distance {um)
c Fic. 7. Line scan analysis for an arbitrgdry/10]-oriented line for the images
(b) CLWI of Fig. 5(150 A In, ,Ga, gAs channel width showing the CL intensity and

CLWI position correlations. Dashed and solid vertical lines are used to show
correlations between a reduced CL inteng®y} Ds) and a blue shift in the
el-hh1 transition energy.

Y3

i

o Myrhiy A

i Eg hh1 transition energies for the 185 A samfiiégs. 6 and 8
is evidently due to the enhanced dislocation density. Dislo-
; ; , : : . cation bunching and an enhanced point defect density are
966 968 970 972 974 976nm more prevalent for larger nGa, gAs channel thicknesses,

Fo. 6. (@ CL intensity and(b) CLWI i ‘i ons in th which should result in a greater local depletion of the elec-
IG. 6. (a) intensity and(b) images of the same regions in the tron density in the channel.

Iy ;Gay gAs HEMT sample with 185 A channel thickness. . - .
The local strain relaxation appears to minimally effect the
el-hh1 transition energy. As shown in Fig. 3, the curve for a

wavelength position, of the peak CL intensity. A particu- Uniaxial strain condition is-50 meV lower than that for the

larly striking feature is observed in the CLWI images. ThePseudomorphic case. A defect-induced reduction in the quan-

wavelength of emission is found to decrease near the DLD

position, showing a blue shift correlated with a defect-

induced CL intensity reduction. Figures 7 and 8 each show a 980

line scan analysis for an arbitrary line scan taken perpendicu- T=287K In, ,Ga, gAs, 185 R channel

lar to the [110] dislocation direction and illustrate a one-to- 976 F ' '

one correlation between the blue shift and the DLD position. j :
972 LI [ |

A (nm)

A maximum increase of-5 and ~10 meV is seen at the
DLD centers for the 150 and 185 A samples, respectively, in
Figs. 5—8. This behavior appears contradictory to the previ-
ously observed red shift measured near DLD positions in
In,Ga, _,As samples exhibiting a greater strain relaxation
and greater dislocation-induced reductions in tegg
strain4~1®This apparent discrepancy is, however, explained
by the influence of the dislocations and associated point de-
fects on the electron density in the channel. It is our hypoth-
esis that these defects create localized deep levels and traps
that reduce the effective electron density in the channel near
DLDs, thereby simultaneously reducing the field in the chan- 0 25 50 75 100 125

nel. The reduction in both the electron density and field will Distance {(um)

concomitantly reduce the Stark shift, thereby resulting in a

local increase in the el—hh1 emission energy. A similar beFic. 8. Line scan analysis for an arbitrgry/10]-oriented line for the images

havior was observed for defect-induced reductions in th&f Fig- 6 (185 A Iy G As channel width showing the CL intensity and
LWI position correlations. Dashed and solid vertical lines are used to show

electric field and Stark shifts for _ _nipi—doped correlations between a reduced CL intengBy.Ds) and a blue shift in the
Iny ,Ga, gAs/GaAs MQWSs'? The larger blue shift in the e1— e1-hh1 transition energy.

Py

(€
pas
{

AR

CL Intensity (arb. units)
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tum confined Stark effect could also cause a blue shift off. The CL temperature dependence and spatial
~50 meV in the el-hh1 transition energy, as seen from Figvariations in the activation energy
4. That is, strain relaxation and defect-induced reductions in  1he integrated CL intensity; of the e1—hh1 transition in

the field cause the el-hh1 energy to shift in opposite direcge Iny ;Ga gAs channel and the excitonic luminescence of
tions, thereby possibly masking the effects caused by straifhe GaiAs/AJ) ,$Ga, ;sAs MQW was measured as a function
relaxation. However, from the CL polarization results dis- ¢ temperatljre for selected local regions in close proximity
cussed below, we show that the average strain tensor withiggy and away from dislocations, labeled D and B, respectively
the ~1 um carrier diffusion length near DLDs is still well tq denote dark and bright regions in the }Ga, sAs CL im-
described by a biaxial strain wit 1o~ €119, forthe 150 and  aging. The results are shown in Fig. 13 for both the 150 and
185 A samples analyzed in Figs. 5-8. 185 A samples in a log; vs 10007 plot. The CL intensities
Linearly polarized monochromatic CL images were takenreduce as the temperature increases from 87 to 250 K. This
with the polarizer rotated to detect emission of light with reduction corresponds to the increase of thermally activated
E1[110] and EI[110] detection orientations at wavelengths nonradiative recombination, which causes an Arrhenius de-
of 962 and 972 nm for the 150 and 185 A samples, respeqendence in the high-temperature range. In previous reports
tively. In order to emphasize the polarization variations, theof the temperature-dependent luminescence effici&hid°
ratio of these images is displayed in Figs. 9 and 10. Thehe linear region of the Arrhenius behavior in the high-
pixels in the ratio image at a(y) position are presented as temperature range was characterized by one or two thermally
log[l, (x,y)/1,(x,y)], wherel, andl; are the pixel intensi- activated nonradiative recombination processes. We use the
ties underEL[110] and EI[110] detection orientations. The following fitting equation for the temperature dependence of
bright and dark bands present in the LPCL ratio images exthe In, ,.Ga gAs QW CL intensity:
hibit a local polarization anisotropy, which indicates the
presence ojum-scale variations irg;;o. These bands corre- I+=Rn, 2

late with the peaks and dips in the CL intensity image, a3, o q 7=1/(1+R,/R,) is the quantum efficiendd}*’R is
shown in the line scan analysis of Fig. 11 for the 185 Aa coefficient which depends on the generation rate of

sample. The maximum polarization anisotropiesnimum electron—hole pairs and the relative weights of monomolecu-

ratios arel,/l;~0.95 andl, /I,~0.85 for the 150 and 185 |, ang himolecular recombinatidh R, is the radiative re-
A samples, respectively. The spatially averaged ratios .o mpination rate which is assumed to be temperature inde-
for the LPCL images of Figs.(B) and 1@b) are 0.98 and  hengent, andR,, represents the rate for nonradiative

0.95, respectively. From the four-baikdp calculation dis-  recompination and is assumed to have the following tem-
cussed above, we have calculatedl; using the dipole ap- perature dependence:

proximation in Fermi’s golden rule, ie.,

2 .
| i< [(UelE . j-plun)|®, whereug is the electron wave func- R —R .+ R exp —E,/KT), 3)
tion, uy, is the wave function of the uppermost hole state, and )
p is the linear momentum operator. Batl and uj, include whereR,,, andE, are thg temperatgre-mdependent prefactor
the envelope wave functions and zone-center Bloch func@nd the thermal activation ene@/,‘ respectively, an®y,,
tions for thes- and p-type conduction- and valence-band is the rate for nonthermally activated nonradiative recombi-
states, respectively. The polarization ratio was calculated fof@tion (i-e., independent of temperatirdhe temperature-
afixede; 3o = 0.0141 and variable,y,, to simulate the effect dependent exponential term is due to the enhancement of the
of a transition from uniaxial to biaxialpseudomorphic capture cross section of nonradiative recombination centers

strain. The results are shown in Fig. 12 for the 150 and 188 Seen by carri_ers as the temp_erature increases. The model
A samples, where we also show the calculated el—hh1 tralﬁ)-f Eq. (3) is motivated by the eX|sten_ce .Of I.DLDS in the CL
sition energy as a function af,,. From the measured aver- imaging at the lowest temperatures, indicating that there are

age polarization anisotropy ratios above and the calculatioﬁ'omad'at've channels which are independent of any thermal

in Fig. 12, the estimated values fag,, are 0.0138 and actvation. Therefore,
0.0132(i.e., 98% and 94% straingdor the 150 and 185 A
samples, respectively. This is in reasonable agreement with |_= , (4
the low strain relaxation ane ;o values observed in Table | 1+ B exp—Ea/kT)

from the linear dislocation densities for these samples. Thesghere 9=R/(1+ R.,/R;) and B=R,¢/(R, + R, are inde-
results contrast with the situation previously studied forpendent of temperature and depend on the density of non-
highly relaxed InGa _,As samples with dislocation densi- thermally and thermally activated nonradiative recombina-
ties greater than-1x10° cm™ !, where dislocation bunching tion centers. At the low-temperature limi, saturates since
lead to a quasiuniaxial strain and a larger polarizationthermally activated nonradiative recombination vanishes and
anisotropy**~*® Thus, for individual dislocations studied I;= 6. The spatial variation irg therefore accounts for the
here, within the minority carrier diffusion length efl um, difference in 1, the el—hhl emission intensity, when
the presence of dislocations with densities less thax10*  T=<100 K, as shown in Figs. 9, 10, and 13. The solid lines in
leads to a measured luminescence behavior still well deFig. 13 show a fit of Eq(4) to the experimental CL data for
scribed by a biaxial strairg; 1o~ €119- the el—hh1 transition at the correspondingbBight) and D

0
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(@) CL (In,,Ga,zAs) T = 87 K (d) CL (GaAs/AlGaAs MQW)
T=87K, A =776 nm

(€) CL (GaAs/AlGaAs MQW)
T=180K, A =794nm

i —
40 68 96 124 152 18&\/ 30 32 34 36 38 40
(c) Eaq (Ing,Ga, zAs) (f) Ea2 (GaAs/AlGaAs MQW)

Fic. 9. CL imaging of the 150 A I5,Ga, sAs HEMT sample showinga) spectrally integrated CL intensity images for the e1—hh1 emisgipri,PCL I, /I,
ratio images(c) activation energy,, images for the Ip,Ga, /As QW luminescence, monochromatic CL images for GaAsjf8a, ;sAs MQW at(d) T=87

K and (e) 180 K, and(f) activation energye,, images for the GaAs/Ab:Ga, 75As MQW emission.
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(a) CL (In,,Ga,,As) T=87K (d) CL (GaAs/AlGaAs MQW)
T=87K, % =776 nm

(b) LPCL logL (In,,GasAs)  (e) CL (GaAS/AIGaAs MQW)
o _ T=180K 1 =794nm

- -
T 1 1 1

40 68 96 124 152 180 30 32 34 36 38 40
(c) Eaq (Ing,Ga, ;As) (f) Ea2 (GaAs/AlGaAs MQW)

Fic. 10. CL imaging of the 185 A I5,Ga, gAs HEMT sample showinga) spectrally integrated CL intensity images for the e1—hh1 emis§pn,PCLI /I,
ratio images(c) activation energy,; images for the Ip,Ga gAs QW luminescence, monochromatic CL images for GaAsja, ;sAs MQW at(d) T=87

K and (e) 180 K, and(f) activation energye,, images for the GaAs/ALGa, ;sAs MQW emission.
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CL Intensity {arb. units)

I_|_/I||

Ea2 {meV)

Ea1 {meV)

Fic. 11. Line scan analysis for an arbitrdry10]-oriented line for the im-
ages of Fig. 10(185 A Iny,Ga,gAs channel width showing (a) the CL
intensity for the el—hh1 emission, GaAsfAdGa, ;sAs MQW emission in-
tensity at(b) T=180 K and(c) 87 K, (d) LPCL I/l ratio, and activation
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Ino.zGao.BAs, 185 A channel
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energiese) E,, and(f) E;.

(dark) regions. The activation energigsg;, were determined
for each pixel position by fitting all 640480 pixel intensity
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Fic. 13. CL intensity vs 1000/ for the same local brightB) and dark
regions (D) in the InGa gAs el—hhl and GaAs/fbGa,sAs MQW
monochromatic CL images. The solid lines running through the curves are a
fit of Eq. (4) to the data to determine the activation energigsandE, for

the Iny .Ga gAs QW and GaAs/AJ ,:Ga 7;sAs MQW luminescence, respec-
tively.

the 150 and 185 A samples, respectively. A line scan analysis
is also shown in Fig. 1f) for the 185 A sample.

For the Iuminescence originating from the
GaAs/Al »:Ga 7sAs MQW, | 5, a low-temperature saturation
of its intensity was not reached for the 87 K minimum in this
study (as shown in Fig. 18 We have also fit the CL images
of Iz, taken at the 12 different temperatures, with the model
of Egs.(2)—(4), obtaining the activation energk,, for the
GaAs/Al ,:Ga 7sAs MQW excitonic luminescence. The re-

values for the monochromatic CL images of the e1—hh1 transults of two fits are shown by the solid lines in the log plot of

sition taken at 12 different temperatures. The resultg gf
for each k,y) position are shown in Figs(€) and 1Qc), for

T

Fic. 12. Calculation of the el—hhll, /I, emission ratio and fpGaygAs
QW transition energy ve,, for a fixede; ;o = 0.0141 at room temperature.
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Fig. 13 for the same regions, B and D, as indicated for the
el-hhl Ig,Ga As luminescence. We further observe a
change in the relative intensity of the GaAs/AdGa, 7sAS
MQW emission near features which correspond to DLDs in
the CL imaging of the e1-hh1 BGa, gAs QW emission. At
T=180 K, for both the 150 and 185 A samples, the imaging
of the GaAs/A} ,:Ga 7sAs MQW emission[Figs. 9e) and
10(e)] results in DLDs which correlate, one to one, with that
of the e1—hh1 imaging, as also shown in the line scan data of
Fig. 11. As the temperature is lowered, a reversal in the rela-
tive intensity of the GaAs/Al,:Ga, 7sAs MQW emission oc-
curs near defects, resulting in bright lines in the CL images,
as shown in Figs. @) and 1@d). This striking contrast re-
versal is also illustrated in the line scan analysis of Figs.
11(b) and 1Xc). That is, high-temperature DLDs in the
GaAs/A| ,:Ga 75As MQW emission become bright line de-
fects (BLDs) at lower temperatures. The activation energy
for this emissionE,, increases near these defects, as indi-
cated by the imaging and line scan analysis. This is in con-
trast to the decrease B,; near DLDs.

This behavior reflects salient differences in the thermal



2932 Rich et al.: Effect of interface defect formation 2932

activation of carriers which are in close proximity, but on e
opposite sides, of the §nGa gAs/GaAs interface. Th&,; [ (a) Ing ,Gag gAs
energy represents the activation energy for thermal reemis- 10000 | 150 A channel
sion of carriers out of the jpGa, sAS QW, as has been ob- ] \
served for similar QW and MQW systerhs.2° Once out of i X ﬁ

the In, .Ga&, gAs QW, the carriers can be recaptured by the 1000 L S

QW, recombine in the GaAs barrier, or diffuse to the :
GaAs/Al »:Ga, 7As MQW where recombination can occur.
An extremely weak GaAs near-band-edge luminescence was
detected relative to emissions from thg j6a As QW and
GaAs/Al »Ga, 7As MQW, indicating the very low impurity I
concentration and high quality of the GaAs barrier layer. P P T T SR T
Carriers which are generated in the GaAs barrier will then 0O 1 2 3 4 5 6
primarily diffuse to the underlying GaAs/fbGa, ;5AS Distance {um)

MQW or Iny.Ga, gAs QW, where a higher carrier capture _ : : : :
rate in these layers is expected, owing to quantum capture. F (b) Iny ,Ga, gAs
The 3000 A thickness of the GaAs barrier is less than-the ! 185 A channel
um ambipolar diffusion length for high-quality and low- g5 'WYYYF .,
impurity GaAs, thereby enabling the GaAs barrier to serve as )
a conduit for efficient transport of electrons and holes to and
from the GaAs/A} ,:Ga 7As MQW and Iy ;Gay gAs QW.

The defects created by the misfit dislocations further in-
troduce other recombination channels for carriers in the
Ing ,Gay gAs QW. These defects enhance the probability for
thermally assisted nonradiative recombination for carriers al- 10
ready residing in the jp,Ga As QW, thereby resulting in a e
decrease ifc,; near DLDs. The analysis in Figs(d, 10(c), 0 1 2 3 4 5
and 11f) shows that there is a maximum decreas€ jp of Distance {um)
~60 and ~80 meV near DLDs for the 150 and 185 A
samples. The greater reductionBy, for the 185 A sample Fe. 14. CL intensity vs beam positiox for different line scanglabeled
eflects the enhance defect densiy e e i o o1 btween DLDs

For carriers recombining in the GaAsLGa, ;AS
MQW, the misfit dislocations, likewise, introduce additional
thermally assisted nonradiative channels which are acces-
sible at higher temperatures. These channels may compet85 A In, ,Ga, yAs samples at four different regions in each
with carrier capture by the J3Ga, sAs QW and subsequent sample, labeled a—d, in Fig. 14. These regions are further
radiative recombination. However, at lower temperaturesidentified in the CL line scan analysis of Figs. 15 and 16,
carrier capture by these defects is substantially reduced arwhich show the 1g,Ga, sAs QW luminescence intensity ver-
simultaneously results in a reduced transfer of carriers fronsus distanc¢bottom scanalong[110] (i.e., perpendicular to
the GaAs/A) ,:Ga, .sAs MQW to the I ,Ga,sAs QW at  the dislocation line direction The dips in the CL intensity
defect sites, thereby resulting in a local increaseEgj. scan, again, represent the DLDs. For both samples, regions a
These defect sites also appear to act as a barrier to transpa@nd b are away from DLDs, while ¢ and d are near the center
into the Iny,Ga, As QW at low temperatures, thereby en- of DLDs. From Fig. 14 it is apparent that a reduction in CL
hancing the relative GaAs/fbGa,,sAs MQW emission intensity at these regions is also accompanied by a greater
near dislocations and resulting in BLDs correlated with thenegative slope, resulting in a smaller ambipolar diffusion
Ing .Gay gAs DLDs. The spatially averaged values Bf, length. This correlation is illustrated in Figs. 15 and 16 for
[from Figs. 9f) and 1@f)] are 32.3 and 35.3 meV for the 150 several diffusion length measurements performed in varying
and 185 A samples. The larger value in the latter sampl@roximity to DLDs at different temperatures. For both
again likely reflects the larger relaxation-induced defect densamples, regions near and far from the DLDs correspond to
sity in that sample. regions of smaller and larger diffusion lengths, respectively.
A wide variation inLp is observed from about 0.5 tog@n in
Fig. 17, showing that defect regions can substantially influ-
ence the transport. No clear systematic variationsgrwith

The diffusion length experiment was performed by scantemperature are observed.
ning the e beam along the [D] direction (parallel to the From previous Hall measurements of these samples, the
DLDs) and recording the intensity of the el—hh1 lumines-Iny ;Ga, gAs channel contains a large electron concentration
cence as a function of the distancérom the mask edgéas  of ~3x10? cm 2 at 77 K?1?2The L, measured here there-
illustrated in Fig. ). Typical scans are shown for the 150 and fore reflects the diffusion of the minority carriers, i.e., holes.

100

CL Intensity (arb. units)

10000 }

1000

100

CL Intensity (arb. units)

D. Spatial variations in the carrier diffusion length
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Fic. 15. CL intensity and diffusion length plot vs distance aldidO0| Fic. 16. CL intensity and diffusion length plot vs distance aldig0]
(perpendicular to the dislocation directjofor various temperatures for the (perpendicular to the dislocation directjoior various temperatures for the
150 A sample. The dashed and solid vertical lines show the spatial correlak85 A sample. The dashed and solid vertical lines show the spatial correla-
tions between the DLD positions and a reduced diffusion length. tions between the DLD positions and a reduced diffusion length.

This hole diffusion length will involve an interplay between fusion in a strain relaxation regime where the optical and
local changes in mobilitys,, and minority-carrier recombi- fransport properties near individual dislocations were exam-
nation lifetime 7, as LD:(Dpr)W, wherep, andD, are ined. The dislocations and DI__D netwc_)rk were found well
related by the Einstein relatign,=eD,/kT.** The presence separated on am scale and oriented primarily along one of
of defects will evidently reduce both, and 7, as a result of ~ the (110 directions. A plan-view TEM and CL imaging
enhanced scattering near defects and introduction of nonr@&nalysis was used to determine the linear dislocation densi-
diative recombination channels. As discussed in Sec. Ill Alies for a greater range of samples witly J&a, gAs channel
the enhanced defect density near dislocations is expected thicknesses below and well beyond the critical thickness.
locally reduced the electric field. The reduction in the field is Theoretical calculations using a four-bakdp and TMM
also expected to result in a decrease-’;rsince the electron Wwere used to calculate the band profile and eigenstates of the
and hole envelope wave-function overlap will also increasdlEMT samples. The electric field in the channel and the
with a decrease in the fie[gee Fig. 8a)]. However, without  €lectron and hole eigenstates were treated self-consistently.
a quantitative measurement of the lifetime and its variation§&L wavelength imaging showed a striking blue shift-eb
we refrain from attempting to deconvolts, into separate and~10 meV in the 150 and 185 A samples, respectively,
w, and 7, terms here. contrary to a previous red shift observed in undoped samples
which exhibited a greater strain relaxation, as reported in
Refs. 14-16. We hypothesize that a defect-induced reduction
IV. SUMMARY AND CONCLUSIONS in the field occurs and leads to a reduced Stark shift of the
A detailed study of fundamental optical and transportelectron and hole eigenstates.
properties of two 1p,Ga, gAs HEMT samples has been per- A small polarization anisotropy is observed, consistent
formed for channel thicknesses that just exceed theavith the level of strain relaxation in each sample and theo-
Ing ,G&, gAs critical thickness. This facilitated a study of the retical calculations of the polarization ratio. The activation
excitonic luminescence polarization and wavelength, therenergies for the In,Ga, JAs QW and GaAs/A] ,Ga, 75AS
mally activated nonradiative recombination, and carrier dif-MQW luminescence were obtained by temperature-
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