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The temperature dependence of the cathodoluminescence (CL) originating from 
InO.zlGaa~~As/GaAs multiple quantum wells has been studied between 86 and 250 K. The CL 
intensity exhibits an Arrenhius-type dependence on temperature (T), characterized by two different 
activation energies. The influence of misfit dislocations and point defects associated with strain 
relaxation on the thermal quenching of luminescence has been investigated, and the spatial variation 
in the activation energies has been examined. The CL intensity dependence on temperature for 
Ts150 K is controlled by thermally activated nonradiative recombination. For TZ150 K the 
decrease in CL intensity is largely influenced by thermal re-emission of carriers out of the quantum 
wells. 0 1995 American Institute of Physics. 

I. INTRODUCTION 

Strained-layer quantum wells (QWs) of In,Gat-,As 
grown epitaxially on GaAs have attracted considerable atten- 
tion because of their promise for novel photonic device 
applications.‘-4 Such devices may require operation under 
various electron-hole excitation densities and temperature. 
The presence of strain-induced defects will introduce nonra- 
diative recombination centers whose influence on the optical 
properties will be temperature and excitation dependent. 
Hence, it is essential to study the luminescence efficiency of 
quantum well structures as a function of temperature in an 
attempt to better understand the interplay between thermal 
activation of excess carriers and defect-induced recombina- 
tion. 

Some previous work has focused on the investigation of 
misfit dislocations and the associated dark line defects 
(DLDs) with spatially resolved experiments like scanning 
cathodoluminescence (CL), transmission electron micros- 
copy (TEM), and a combination of both methods.5-7 While 
the temperature dependence of luminescence in quantum 
wells and superlattices has been investigated previously,8Y9 
little work that addresses the effects of thermal quenching of 
luminescence by misfit dislocations has been reported. Ther- 
mal quenching of the luminescence in QWs has been inter- 
preted in several ways by different authors, and has been 
attributed to thermal dissociation of excitons and thermally 
activated nonradiative recombination,” or due to thermal 
emission of carriers out of the QWs, resulting in a reduction 
of luminescence intensity at higher temperatures.” 

In this work, we examine the influence of misfit disloca- 
tions and point defects associated with strain relaxation on 
the thermal quenching of luminescence. The activation ener- 
gies associated with the thermal quenching of luminescence 
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vary spatially in close proximity to defects, and we have 
utilized a new approach which uses spatially resolved CL to 
image these activation energies. 

II. EXPERIMENT 

Multiple-quantum-well (MQW) samples were grown by 
molecular beam epitaxy using standard In, Ga, and As solid 
sources. The samples designated D38 and D18 consist of 44 
periods of 65 A lno,,Gac,79As MQWs with barrier thick- 
nesses of 115 and 400 A, respectively. In sample D179, a 65 
A MQW structure having 100 and 1230 A barriers with 14 
periods (28 QWs) were grown. The samples were investi- 
gated with scanning CL microscopy. CL measurements were 
performed with a JEOL 840-A thermionic emission scanning 
electron microscope. A liquid-nitrogen-cooled Ge p-i-n de- 
tector was used to measure the luminescence dispersed by a 
0.25 m monochromator. An electron beam current of -7 nA 
and beam energy of 20 keV were used to probe the samples. 
CL spectra and images were recorded for various different 
temperatures between 86 and 250 K. 

Ill. RESULTS AND DISCUSSION 

The temperature dependence of the electron-to-heavy- 
hole excitonic luminescence intensity for sample D18 is 
shown in Fig. 1 for temperatures between 86 and 250 K. The 
data labeled A correspond to the integrated CL spectral in- 
tensity, IMQw, measured while the electron beam was scan- 
ning a 128 pmX94 pm region. The CL intensity reduced by 
about two orders of magnitude as the temperature increased 
from 86 to 250 K. From Fig. 1, it is evident that there exists 
two temperature ranges which show an Arrenhius behavior. 
This behavior indicates the presence of two different ther- 
mally activated processes responsible for the reduction in 
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FIG. 1. Temperature dependence of CL intensity for sample DE. The data 
labeled A corresponds to the integrated CL spectral intensity, IMow, mea- 
sured while the electron beam was scanning a 128 ,umX94 pm region. The 
data labeled B and D correspond to the intensity obtained from bright and 
dark regions, respectively, shown in Pig. 2(a). The solid lines are linear fits 
to the data. 

luminescence efficiency. The activation energies for both 
cases are obtained from the straight line portions of the 
log IMqw vs l/T plots; activation energies of -27 and -79 
meV are obtained in the temperature ranges of 86-150 K 
and 150-250 K, respectively. 

In order to study local variations in the activation energy 
we performed CL imaging of the MQW excitor& lumines- 
cence at various different temperatures between 86 and 250 
K. A scanning area of 128 pmX94 pm was discretized into 
640X480 pixels. CL studies enable a mapping of local 
changes in activation energies on the scale of -1 pm in 
GaAs, as the resolution is limited by the minority-carrier 
diffusion and the size of the peak-shaped excitation volume. 
The activation energy (E,) was determined at all spatial 
(x,y) positions; gray-scale images representing the activation 
energies are shown in Fig. 2. in order to determine E, at 
each pixel position, 14 images were obtained for various 
fixed temperatures between 86 and 250 K. The slopes were 
determined separately for the two temperature ranges ob- 
served in Fig. 1 using a least-squares fitting at each (x,y) 
position. 

The monochromatic CL images obtained at 86 K for 
samples D18, D38, and D179 are shown in Figs. 2(a), 2(b), 
and 2(c), respectively. Figures 2(d), 2(e), and 2(f) represent a 
spatial mapping of the activation energies for the same re- 
gions shown in Figs. 2(a), 2(b), and 2(c), respectively, for the 
intermediate temperature range (86-150 K). Figures 2(g), 
2(h), and 2(i) represent a spatial mapping of the activation 
energies obtained in the high-temperature range (150-250 
K). The mapping of E, into a gray-scale representation is 
shown by the gray bar indicating the activation energy scale. 
Plots of log I,ow vs 1 lT for sample D18 are shown in Fig. 
1 for two arbitrary local regions, labeled B and D (for bright 
and dark regions). Long streaks of constant gray shade’ are 

giii :::jjjjjj 
-Eal- >rEaI 19 

~z~~t: i:::~~:::: I.. ” ll:l::... _iiijl.~j tiiiiiiiiii :: “.I : 
+. 2; 7, -_ 

-Ea2 ---+ A 55 110 60 Ea2xof95’--Ea2- 190 

Activation Energy (meV) 

FIG. 2- Monochromatic CL images [at T=86 K) obtained at 955,960, and 
948 nm for samples D18, D38, and D179 are shown in (a), (b), and (c), 
respectively. The activation energy images of E,, obtained in the interme- 
diate temperature range (86-150 K) for the same regions shown in (a), (b), 
and cc) are shown in (d), (e), and (f), respectively. The activation energy 
images of E,, obtained in the high-temperature range 050-250 K) is shown 
in [g)? (h), and (i), respectively. A scale showing the mapping of the activa- 
tion energies is shown below each image. The length scale for all images is 
shown in (e). 

seen to run along the high symmetry (110) directions in Fig. 
2 in both the monochromatic and activation energy CL im- 
ages. In monochromatic CL imaging, dislocations appear as 
dark line defects (DLDs) as a result of a localized reduction 
of luminescence efficiency due to an enhanced nonradiative 
recombination.’ Comparing Figs. 2(a) and 2(d), we observe 
that regions containing misfit dislocations (dark regions) 
show a lower activation energy than regions absent of DLDs 
[bright regions in Fig. 2(a)]. However, in the high- 
temperature range [Fig. 2(g)], there is a reversal of contrast 
as compared to Fig. 2(a), i.e., the bright regions in Fig. 2(a) 
exhibit a lower activation energy while the dark regions 
(DLDs) exhibit- a higher activation energy. In order to further 
illustrate the spatial correlation existing between sets of im- 
ages for a given sample, we show stack plots for sample D38 
in Fig. 3, corresponding to images in Figs. 2(b), 2(e), and 
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FIG. 3. Stack plot of CL intensity, activation energies E,, and E,, for an 
arbitrary line scan done along the (110) direction for sample D38. The 
spatial correlation of regions showing decreased luminescence efficiency, 
higher E,t, and lower E,, (indicated by dotted lines) and increased lumi- 
nescence efficiency, lower E,, , and higher E,, (indicated by solid lines) is 
observed. 

2(h). The luminescence intensity, and the activation energies 
for the intermediate (E,,) and high-temperature range (Eaz) 
are plotted as a function of the distance taken along an arbi- 
trary (1 lO)-oriented line. 

The activation energy E,r ranges from -23 to 38 meV 
for all three samples. Prior to the capture of electrons and 
holes into the QWs, free carriers which have thermalized 
down to the band edges must diffuse along the GaAs barri- 
ers. A recent study showed that the activation energy for 
ambipolar diffusive transport, ED, in a nipi-doped 
InO,ZG%sAs/GaAs MQW structure possessing similar barrier 
and QW thicknesses has a lower limit of -29 meV.12 It is 
plausible that the same defects which impede ambipolar dif- 
fusion also serve as nonradiative recombination centers. 
Thus, once sufficient thermal energy is attained to surmount 
the defect-induced barriers, the mobile carriers also become 
more susceptible to nonradiative recombination at these 
same centers before capture in the QWs, thereby explaining 
the similar values of E,, and E, . Likewise, it is also pos- 
sible that ionization of free and bound excitons in the QWs, 
prior to radiative recombination, also contributes to the de- 
crease in IMow in the intermediate temperature range since 
defects in the QWs should also exhibit similar thermal bar- 
riers. The binding energy of the exciton is -7 meV, requiring 
additional thermal activation over defect-induced barriers in 
the QWs prior to nonradiative recombination. 

For the intermediate temperature range (86-150 K), the 
bright regions in samples D179 and D38 exhibit a Smaller 
activation energy E,, than that of dark regions (DLDs) while 
the bright regions in sample D18 exhibit a larger activation 
energy than the dark regions. Consistent with the above de- 

TABLE I. The effective barrier heights, Eat and EBv for re-emission out of 
the quantum well. These heights are calculated as Enc=AEc-E, and 
E,,=AE,-E,,,, where AE, and AE, are the conduction- and valence- 
band offsets between lr~,,~tG~.,sAs and GaAs, and E,, and Ehhl denote the 
calculated first electron and heavy-hole subband energy. 

EBC E BV 

(meV) heV) 

Fully strained 111 58 
Fully relaxed 159 80 

scription, we expect that diffusing carriers in the GaAs bar- 
riers of dark regions will experience an enhanced probability 
for nonradiative recombination prior to their capture in the 
InGaAs QWs. The bright regions which contain a reduced 
density of defects (i.e., density of misfit dislocations and 
point defects) in all three samples exhibit similar activation 
energies (26-33 meV). The decrease [as shown in Fig. 2(d)] 
or the increase [as shown in Figs. 2(e) and 2(f)] in activation 
energy of the dark regions as compared to the bright regions 
is evidently due to a change in the distribution of defects 
iboth in density and type) in the dark regions caused by the 
differences in the GaAs barrier thickness between samples. 
Prior studies by Hillmer et al. l3 have shown that the 2D car- 
rier mobilities remain nearly constant between 80 and 150 K 
and 2D carrier diffusivity increases by a factor of less than 2 
between 80 and 150 K. The excitation volume of a 20 keV 
electron beam limits the spatial resolution to -1.5 ,um in 
GaAs.t4 Thus, small changes in carrier diffusion length with 
temperature will negligibly affect the local changes in acti- 
vation energy that are observed here. 

The activation energy Ea2 is most likely a result of re- 
emission of carriers which have been captured in the QWs 
since E,, varies from -65 to -130 meV, for all three 
samples, and is close to the electron and hole barrier heights 
(ground state to unbound states) for l&,2G~,sAs/GaAs 
MQWS.‘~ A similar re-emission of captured carriers has pre- 
viously been observed in AlGaAs/GaAs MQW systems.” 
For a region which contains misfit dislocations, the local 
reduction in strain results in a lowering of the band gap and 
an increase in the effective barrier height for electrons (Ead 
and holes (Es,) as compared to the effective barrier height 
for electrons and holes in a bright region exhibiting a larger 
local strain, It is possible that the enhanced activation energy 
exhibited by the DLDs in Figs. 2(a) and 2(c) is due to the 
larger barrier heights for carrier m-emission exhibited in the 
partially relaxed regions. The limiting cases for the QW bar- 
rier heights are shown in Table I, as calculated with a stan- 
dard transfer matrix method.” The barrier heights for the 
partially relaxed regions will be intermediate to the fully 
strained and relaxed cases. In the high-temperature range 
(150-250 K), the barrier regions exhibit a lower activation 
energy than the dark regions in samples D18 and D 179, 
which is consistent with the lower effective barrier height for 
electrons and holes listed in Table I in a quantum well sub- 
ject to a larger strain. The converse is true for D38, which 
exhibits a higher activation energy near bright regions (away 
from DLDs). The nonradiative recombination that gives rise 
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to DLDs is a result of recombination at cores of misfit dis- 
location and point defects in the vicinity of the dislocations.5 
It is possible that D38, which has the smallest average GaAs 
barrier layer thickness of all the samples, may contain the 
largest average point defect density. This enhanced defect 
density could act to reduce the activation energy for nonra- 
diative recombination near the DLDs, in competition with 
the opposite tendency of a higher activation barrier caused 
by a greater strain relaxation. Thus, the behavior of the acti- 
vation energies near DLDs reflects the extent to which both 
ii) strain relaxation and (ii) defect centers will influence the 
thermal re-emission of carriers from the QWs. 

IV. CONCLUSION 

In summary, we have studied the temperature depen- 
dence of CL intensity from Inc.21Gao79As/GaAs multiple 
quantum wells. Using a new CL imaging analysis, we have 
observed local variations in the activation energies which are 
likely caused by local fluctuations in the band edge near 
misfit dislocations and point defects. A pronounced decrease 
in CL intensity occurs in both bright and dark regions above 
150 K. The magnitude of activation energies observed for the 
temperatures greater than 150 K indicates that this decrease 
is probably due to the thermal re-emission of electrons and 
holes from the quantum wells. 
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