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Hole lifetimes in [001] uniaxial stressed GaAs

S. Lee
Department of Physics, City College and The Graduate School of The City University of New York, New York, New York 10031

K. M. Yoo
Department of Electrical Engineering, City College and The Graduate School of The City University of New York,
New York, New York 10031

R. R. Alfano
Departments of Physics and Electrical Engineering, City College and The Graduate School of The City University of New York,
New York, New York 10031

H. Qiang and Fred H. Pollak
Department of Physics, Brooklyn College and The Graduate School of The City University of New York, Brooklyn, New York 11210
(Received 15 April 1992; revised manuscript received 14 October 1992)

The time-resolved photoluminescence (PL) spectra from n-type GaAs is nonexponential and is charac-
terized by two decay constants ( 4 and B). If the bimolecular recombination coefficient B is zero, the PL
spectra have the familiar exponential time dependence (and are characterized by the recombination de-
cay constant 4). Application of uniaxial stress along [001] to the n-type GaAs sample causes the recom-
bination decay constant A to increase, in agreement with the stress dependence of the matrix elements.
The bimolecular recombination coefficient B is found to be stress independent. An increase in the densi-
ty of the photogenerated holes P, as a function of stress is also observed. This is attributed to the stress
dependence of the effective mass which changes the absorption coefficient. The stress dependence of the
recombination decay constants 4 and b =BP, determines the stress dependence of the effective lifetimes
of the light hole (parallel to the stress) in the n-type GaAs.

I. INTRODUCTION

Structural, electrical, and optical properties of semi-
conductors are dependent upon strain. Semiconductor
properties which change under stress! are, for example,
removal of degeneracies,>”* shifts in the band edges,’ °
changes in the curvatures (effective masses)"!°7 !5 of the
electronic band structure, changes in the interband ma-
trix elements,”'%!'” and changes in the vibrational
modes.!®1° These strain effects can influence carrier dy-
namics. The rate of photon emission is?°

2
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where E__, is the band-gap energy and |{c|€-p|v ) |? is the
matrix element for the dipole transition from the conduc-
tion to the valence band. From the above equation, the
radiative lifetime is stress dependent via the matrix ele-
ment and E__,. There has been indirect evidence for the
stress dependence of the hole lifetimes from line-shape
analysis of resonance Raman scattering.2""??

In this paper, we report on the photoluminescence (PL)
from static uniaxial stressed n-type GaAs simultaneously
resolved in both the frequency and time domains. The
energy-resolved spectra give the shift in transitional ener-
gies as a function of stress. The change in the number of
photogenerated carriers and the change in the hole life-
times can be determined from the time-resolved spectra.
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II. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Unstressed GaAs

In this experiment, 100-fs 620-nm pulses from the
colliding-pulse mode-locked laser are used to probe the
n-type GaAs sample. The PL from the sample is ana-
lyzed with a polarizer and is dispersed in energy and time
by a spectrograph coupled with a synchroscan streak
camera. A typical time-integrated spectra of the un-
stressed n-type GaAs at a sample temperature of 104 K is
shown in Fig. 1. The PL peaks at 825 nm with a full
width at half maximum (FWHM) of ~55 meV. This
wide PL width is due to the 10%-cm™3 doping. The
time-resolved PL spectra of the unstressed n-type GaAs
are shown in Fig. 2. There are several interesting
features displayed in Fig. 2. First, the cooling of the hot
electron-hole plasma (EHP) can be seen in the sharp peak
in the 10-meV slices at 1580 meV of the unstressed GaAs
PL spectra. Analysis of the first 100 ps for the 1580-meV
band shows that the holes cool within the resolution of
the experiment (12 ps). This is in agreement with previ-
ous results.??

Another interesting feature displayed in Fig. 2 is the
nonexponential decay of the PL. The PL is related to the
recombination of the photogenerated electron-hole pairs
[i.e., n(2) electrons, p(¢) holes, with n(¢)=p(t)]. From
the detail balance requirement,?* the relaxation of the
carrier densities to the equilibrium carrier distribution (n;
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FIG. 1. A plot of the time-integrated spontaneous emission
spectra from unstressed n-type GaAs at T=104 K.

electrons and p; holes) is given by

dn(t) _ dp(t) o _
~a o [n;+n()]lp;+p()]—n;p; . ()

Ignoring reabsorption and including Auger-type transi-
tions, the decay of the generated excess carriers can be
described by?’

dp(t) _
dt

where A=A,+ A, A, is the radiative recombination
coefficient, A4, is the nonradiative recombination
coefficient, B is the bimolecular recombination coeffi-
cient,?*2° and C is the recombination coefficient for col-
lisional and phonon-assisted Auger transitions.?’ Since?’
C=10"% cm®s™! and the photogenerated EHP density
is 10! cm ™3, the third term on the right-hand side of Eq.
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FIG. 2. Plots of the time-resolved spectra of unstressed n-
type GaAs (—) for 10-meV slices at (a) 1480, (b) 1500, (c)
1520, (d) 1540, (e) 1560, and (f) 1580 meV. The dashed lines are
the fit to the data using Eq. (4) (see text for details).
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(3) is negligible compared to the two other terms.
With C =0, the analytic solution to Eq. (3) is
p)=[(1+b e —b, 17", @)
where b,=b/A, b=BP,, and p is defined by

p(t)=Pyp(t). From a least-square fitting (see Fig. 2) to
Eq. (4), it is found that b=4.6X10"3 ps™! is approxi-
mately constant from 1470 to 1540 meV. The decay con-
stant A is found to vary with energy (see Fig. 3). The de-
cay constant A is seen to decrease for energies below
1500 meV, while above 1500 meV it is almost constant.
The energy dependence of the recombination constant A4
in Fig. 3 has the following form:

h 172
A=d,+4, |2 —1 (5)

A least-square fit yields values of 4,=2.5X10"* ps~!,

A,=4.2X1073 ps~!, and E=1471 meV. It is interest-
ing to note that the energy dependence of the recombina-
tion constant A is identical to the energy dependence of
the allowed direct transitions.?®

The temperature-dependent direct intrinsic gap of
GaAs is given by?’

_ (0.5408 meV K~ 1)T?
T+204 K ’

and ¢,(7T=104 K)=1500 meV. Of course, since the ex-
perimental sample is 10'® Si-doped n-type GaAs, the
band gap is expected to be slightly smaller’® than that
given by Eq. (6). It can be seen that the fitted value for
the effective band gap is quite reasonable.

g,(T)=1519 meV

(6)

B. Stressed GaAs (energy domain)

The apparatus used to apply stress to the GaAs sample
has been described previously.!® Under uniaxial stress,
the fourfold-degenerate valence band of GaAs is split into
two spin-degenerate subbands (see Fig. 4). The shifts of

A (1073 ps_1 )
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FIG. 3. A plot of the decay constant 4 (+) as a function of
the transition energy. The solid line is the theoretical predic-
tion from Eq. (6).
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FIG. 4. The schematic diagram of the band structure of (a)
unstressed and (b) stressed GaAs. The conduction band is
denoted by c, and the three valence subbands are labeled v 1, v2,
and v3.

the GaAs band edges under uniaxial stress have been well
established by modulation spectroscopy. The shifts of
the valence-band edges relative to the conduction-band
edge arel*

_ 8Ey; OSE}y,
AEc-vl(X)—aEH 2 ZAO » (7a)
AE, ,o(X)=8Ey+—— , (7b)
where® 8Ey=(3.85 meV/kbar)X, 8Eq,; =(6.13

meV/kbar)X, and X is the compressive uniaxial stress.

The matrix elements for [001] uniaxially stressed GaAs
have also been calculated.!>!® With stress, the matrix ele-
ments |{c|&-plv)|? for different polarization relative to
the [001] stress axis (to first order in 8E,, /A, are pro-
portional to

l 1
Ay

v, 0 3.

v, 4

This implies that the luminescence polarized parallel to
the stress axis is composed of only c-v1 transitions. The
luminescence polarized perpendicular to the stress axis
comes from both the c-vl and the c-v2 transitions.
Therefore, a comparison of the parallel and perpendicu-
lar polarized PL will give information about the c-v2
transition.

The time-integrated spectra for PL polarized parallel
and perpendicular to the [001] stress axis are plotted in
Fig. 5. Also shown is the c-v2 transition which can be
extracted, as noted above, by subtracting the parallel PL
spectrum from the perpendicular PL spectrum. As a
check, the sum of the parallel and perpendicular PL spec-
tra agree quite well with the unpolarized spectra. The
width of the c-v2 PL (~40 meV) is found to be slightly
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narrower than the c-vl PL (see Fig. 5). Both the c-vl
and the c-v2 PL are seen to blueshift according to Eq. (7).

C. Stressed GaAs (time domain)

Under uniaxial stress, the effective mass of holes in n-
type GaAs changes. A stress-dependent effective mass
leads to a stress-dependent absorption coefficient.3! The
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FIG. 5. (a) Plot of the time-integrated spontaneous emission
spectra polarized || (———) and L (—) to the [001] stress axis
from n-type GaAs at T=104 K and X =1 kbar. (b) Plot of the
time-integrated spontaneous emission spectra polarized ||
(———)and L (—) to the [001] stress axis from n-type GaAs at
T=104 K and X =S5 kbar. The difference between the PL po-
larized parallel and perpendicular to the stress axis gives the
contribution to the PL from the c-v2 transitions (see text). Asa
guide, the expected shifts of the c-v2 PL as a function of stress
are plotted as tics.
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stress-dependent absorption coefficient has been calculat-
ed!® using an effective mass that is linearly dependent on
the stress (i.e., m2=m_[1+8°X] for a=v1l or ¢ and
B=]| or 1), and is given by

172 372
A(X) (X)
Aalhv,X)= | =2 a
A Ko
u 1, 1+(4u—1)z?
X2 [ dzm—m 9)
24, T+ —1z2 (
where A (X)=A°—AE, (X)), AOEhv—Eg, o !

=m. ' +mil, u=p(X)/pn(X), p(X) T =m (X))
+m (X)) (X)) '=Em (X)) +m (X)7, m, is the
conduction-band effective mass, and m,; is the vl
valence-band effective mass. For 8! >0 and 8. <0, the
absorption increases monotonically with stress. Using
8l =8l;=56,=0.11 kbar !, 8 =58,,=8,=—0.09 kbar ',
and the GaAs effective masses®? (m,=0.066 and
m,;=0.082) in Eq. (9), the change in the absorption
coefficient is shown as a solid line in Fig. 6. An increase
in the absorption coefficient implies an increase in the
photogenerated carrier density (P;,). P, can be experi-
mentally determined from the PL photon flux (F) at ini-
tial time?* (i.e., F «< P2). Plotted as crosses in Fig. 6 are
the changes in P, (AP,=Py,[X]/P,[X=0 kbar]) as a
function of stress. There is good agreement between the
experimental data and the theoretical prediction.

The time-resolved spectra of stressed n-type GaAs is
qualitatively similar to the unstressed n-type GaAs PL.
The change of the decay constants Ab=b(X)/b, and
AA=A4(X)/ A, as a function of stress is determined by
least-square fitting to Eq. (4). A A4 is plotted in Fig. 7 to-
gether with the change in the matrix element as a func-
tion of stress [Eq. (8)]. It can be seen that the variation of
A with stress can be attributed mostly to the stress
dependence of the matrix elements. The decay constant b
which is plotted in Fig. 6 also shows a strong stress
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FIG. 6. A plot of the change in Py (+) together with the
change in decay constant b (O and A) as a function of stress.
The solid line plotted is the theoretical prediction from Eq. (9)
(see text).
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FIG. 7. A plot of the change in the decay constant 4 (O) as
a function of stress. The solid line is the change in the matrix
element as given by Eq. (8).

dependence. It appears that the stress dependence of b is
the same as the stress dependence of P,. From this, one
may conclude that the stress dependence of b =BP, is
due entirely to the stress dependence of P, and that the
bimolecular recombination coefficient B is essentially in-
dependent of stress. From the experimentally determined
value of the recombination constant b at X=0 kbar
(by=5X1073 ps~!) and a photogenerated carrier density
of 1015 ¢m ™3, the bimolecular recombination coefficient
for this experiment is B=b/P,=5X10"% cm®s™!. This
is different than the reported®> values of B=5X10"%
cm3s™! to B=5X10"1"cm3s™!. This difference can be
attributed to surface recombination and a nonuniform
photogenerated carrier density, which have a strong
influence on the bimolecular recombination coefficient.>*

Since the decay of the PL is nonexponential, the life-
time of the hole is time dependent.”* However, an
effective lifetime can be defined as the time for the photo-
generated carriers to decrease to e ~! of its initial value.
The effective lifetime is®

AoA Ae +byAb
AoAA+byAb

T ™ 1 In
A,AA

, (10)

where e¢=2.71828. Using the experimental values of
Ay=9X10"*ps™!, by=5%X10"3 ps™!, and the A4 and
Ab shown in Figs. 7 and 6, respectively, the effective life-
times of the v1 holes as a function of stress are plotted in
Fig. 8. It can be seen that there is a 70-ps decrease of the
vl hole effective lifetimes as the stress on the n-type
GaA:s is increased from X =0 kbar to X =5 kbar.
Turning our attention to the ¢-v2 transitions, from Fig.
5 it can be seen that the c-v2 PL is not clearly separated
from the c-v1 PL and is also much weaker than the c-v1
transition. The c-v2 time-resolved PL can be obtained
from the difference of the parallel and perpendicular PL
(as described in Sec. II B). The stress dependence of the
lifetimes of the v2 holes can be extracted from this ap-
proach. However, this means that the accuracy is not as
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FIG. 8. A plot of the effective lifetimes of the v 1 holes (O) as
a function of stress. The dashed line is plotted as a guide.

good as for the c-vl transitions. Looking just at the
time-resolved spectra of the c-v2 transitions for X =S5
kbar, the PL from the c-v2 transitions has the same qual-
itative features as the PL from the c-v1 transitions. Us-
ing Eq. (5), the bimolecular recombination coefficient
(B=5X10"%cm3s™!) for the c-v2 PL is the same as for
the c-v1 transition at X =35 kbar. The c-v2 decay con-
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stant is 4 ~8.4X 107 % ps ™! in contrast with the observed
A~10X10"* ps~! for the c-v1 transition at X =35 kbar.
From Eq. (9), this yields only a difference of 8 ps between
the effective lifetimes (7.4) of the c-v1 and c-v2 holes.
Therefore, within the experimental accuracy, the decay
times of the c-v2 and c-v1 transitions are almost the
same. This is to be expected, since the holes are thermal-
ized among the v1 and v2 valence bands within 11 ps.?

In summary, three major strain effects have been ob-
served in the hole dynamics of n-type GaAs. The transi-
tional energies involving the v1 and v2 valence bands
have been seen to blueshift. The stress dependence of the
effective mass causes an enhancement of the absorption
coefficient, which shows as an increase in the density of
the photogenerated carriers as a function of stress. The
time-resolved PL spectra from n-type GaAs is found to
be nonexponential. The bimolecular recombination
coefficient B is independent of stress, while the stress
dependence of the decay constant A has the same stress
dependence as the matrix elements. It is found that the
effective lifetimes of the v 1 holes decrease as a function of
stress.
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