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Thermal carrier emission from a semiconductor quantum well
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The intensity and the lifetime of quantum well (QW) photoluminescence (PL) both decrease
at high temperatures. This is ascribed to thermal emission of charge carriers out of confined QW
states into barrier states and subsequent nonradiative recombination processes. Corresponding
activation energies reported in several publications range from the total QW binding energy AFE,.¢
of electrons and holes to half of AF;,, or to the binding energy of the shallower bound particle.
In pursuit of this discrepancy, we perform steady-state and time-resolved PL measurements under
high- and low-excitation conditions on a series of multiple QW structures of the material systems
In.Ga;_-As/GaAs, GaAs/Al.Ga;_,As, and In,Ga;_,As/InP. Covering an intensity range of more
than three orders of magnitude, we find that in the high-temperature limit the final activation is
associated with AFE;.; for both high and low excitation. We discuss our findings in the frame of
a simple model for the density of states, thermalization, and recombination rates of electrons and
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holes.

I. INTRODUCTION

During recent years great interest has been focused on
the dynamics of photoexcited carriers in single quantum
well and multiple quantum well (MQW) structures. The
electron-hole pairs created in the barrier region rapidly
thermalize through interaction with phonons and are
trapped into confined QW states. From there they re-
combine radiatively and nonradiatively. The intensity
and effective lifetime of QW photoluminescence (PL) are
strongly temperature dependent and decrease with in-
creasing temperature. Two main PL loss mechanisms
have been alternatively discussed: The first mechanism
is the thermally activated recombination by traps, pre-
sumably located at the interface between barrier and
QW.17¢ The second one is the thermal escape of charge
carriers from confined QW states into barrier states fol-
lowed by effective nonradiative recombination there.” 20
Recent observations suggest that the second process is
dominating: With increasing temperature PL from the
barrier'?'* and a vertical transport of charge carriers
between adjacent QW’s (Refs. 11, 15, 17, and 18) has
been detected that is governed by the same activation
energy as the decrease of the QW PL intensity. Fur-
thermore, the loss of QW PL intensity can be strongly
reduced by growing additional cladding barriers'” pre-
venting the charge carriers from leaving the QW region.
Despite the large number of studies dealing with car-
rier recombination in QW structures, no general agree-
ment has yet been achieved on the characteristic energy
for the carrier emission. Gurioli and co-workers”® find
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with time-resolved (TR) PL measurements an activation
energy for the nonradiative recombination process equal
to the binding energy of electrons or holes, whichever is
smaller. They claim that only TR measurements are able
to obtain correct activation energies. Michler et al.® and
Bergman et al.l° from their TR PL investigations de-
rive an activation energy equal to half of the total bind-
ing energy APFE;, in the QW. Other groups from both
continuous-wave (CW) and TR PL experiments!!13717
conclude that the thermal PL quenching is governed by
the total binding energy A Eyoi. Michler et al.® suggested
that this controversy could be due to different excitation
densities (high injection vs low injection) involved in the
experiments.

In this paper we report a photoluminescence study un-
der CW and picosecond excitation of strained and lattice-
matched In,Ga;_,As/GaAs with z=10% and 15%,
Iﬂ0,53Gao.47AS/IDP, and A10_33Ga0,67As/GaAs MQW
structures. Covering a PL intensity range of more than
three orders of magnitude, we show that in the high-
temperature limit the main activation energy obtained by
both CW and TR PL measurements is associated with
the sum of the binding energies of electrons and holes.
This is in contrast to the statement of Gurioli et al.”®
Since the four samples under investigation belong to dif-
ferent material systems and QW structures, this result is
supposed to be of general validity. Our experimental find-
ings are confirmed by theoretical considerations. Here, a
concept is chosen that includes confined two-dimensional
(2D) states in the QW and unbound three-dimensional
(3D)-like states above the QW. The recombination rates
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are set proportional to the electron and hole densities as
required for bimolecular recombination. This leads to a
quadratic and a linear term in the excess carrier densities
that are both important when low and high excitation
conditions are modeled. In this respect our procedure
is different from that of Michler et al.,° who assume a
recombination term only linear in the excess carrier den-
sity. Further, it is essential in the present considerations
that the confined electron and hole densities in a QW
need not be equal since their individual binding energies
can be different and quasithermal equilibrium between
confined and unbound QW states is assumed. The case
of n-type material is discussed in detail, and it is demon-
strated that no qualitative difference in the temperature
dependence of PL intensity or lifetime is expected be-
tween high and low excitation densities.

II. THEORETICAL CONSIDERATIONS

In this section we develop a simple theoretical model,
describing the temperature and time dependence of the
QW photoluminescence intensity Ipy. It is based on
the assumption that charge carriers are distributed in
energy according to Fermi-Dirac statistics. Considering
a single rectangular QW with confinement energies E;
(¢ =1,...,1 — 1) and well potential depth E; we define
sheet charge carrier densities V; and N; by

E;q1

N; = D™ (E)f(E,T)dE, i<l, (1)
E;

m:/wawwwﬂwE, ()
E;

where D?P(E) denotes the corresponding 2D density of
states (DOS) and f(E,T) the quasiequilibrium Fermi-
Dirac distribution due to the optical excitation. Ac-
cording to these definitions N; (¢ < [) represents the
temperature-dependent density of confined charge car-
riers with energies in the range E; < F < E;1;. N,
denotes the concentration of charge carriers that occupy
unbound states with energies above the potential bar-
rier E;. For energies below E; the DOS is supposed to
have the usual steplike form for 2D bands. Above Ej,
with the contribution of 3D states, a square-root energy
dependence is assumed:

-1
C;
D*®(E) =7 5 (E— Ei)
=1
Cl
+k—3/—2—(E — E)'/?0(E — Ey). (3)
B

O(FE) represents the Heaviside step function and the ¢;
(¢ =1,...,1) weight the contributions of the individual
steps. The dimension of the square-root part has been
reduced from 3D to 2D by introducing an effective length
L involved in the coefficient ¢; that describes the exten-
sion of occupied 3D states above the QW potential E;
along the growth direction. In the case of parabolic en-
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ergy bands with effective masses m; the coefficients c; are
given by

m;kp

(2m1k3)3/2
wh2 ’

c; = i<l, ¢g=1L 23 s (4)
where kp denotes the Boltzmann constant. It should
be mentioned that ¢; (¢ < ) and ¢; have different units
m~2 K~! and m~2 K—3/2, respectively. Inserting Eq. (3)
into Egs. (1) and (2) we obtain in Boltzmann approxi-

mation (E — p > kgT):

i
Z ¢ T(e—(E-'—#)/kBT _ e_(Ei+1_l-‘)/kBT),

N; =
i=1
1<, (5)
1-1
N = ch + T2 | Te (Br=m)/ksT, (6)
Jj=1

The chemical potential y can be eliminated dividing
N; and N; by Ni:

N; i e—AE;/kpT _ o—AEiy1/kpT
171 - ;Cj 1 — e—AE2/ksT = (I)i(T)’
J:
i<, (7)
N, -1 12 e—AE:/kpT
¥ = | LG+ O | e amr = ®(T), (®)
i=1
with
cjzz—j, AE;=E; —E; . (9)
For parabolic bands we obtain
2% n)l/2m3/? )
P A C-) i c;i="4, j<l. (10)
mwhm, my

This model for a 2D DOS may be compared with the
simpler model for a §-shaped DOS frequently used in the
literature to derive activation energies:

l

D’(E) =) cid(E — E;). (11)

=1

In this case the occupation ratios ®; from Egs. (7) and
(8) read

®;(T) = CieAB:/*eT | 51, .1. (12)

So far our considerations are independent of the

charge-carrier type, and the results from Egs. (7), (8),
and (12) are valid for both electron densities n; (i =
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1,...,1) in a conduction-band QW and hole densities
pj (7 = 1,...,m) in a valence-band QW. The confine-
ment energies of electrons and holes are denoted by FE,;
(¢=1,...,1) and Ep; (j = 1,...,m), respectively, with
QW potential depths E,; and E,,,. In PL experiments
excess carrier densities én and dp are optically generated
in the semiconductor in addition to the equilibrium elec-
tron density no and hole density po. Therefore, we have

n; = ng; + 6n; , Pj = poj + 5Pj- (13)

The intensity Ip;, of QW photoluminescence arising
from the radiative transition between the lowest electron
and hole subbands is given by

IpL ~ Tﬁ(nﬂ’l - n01po1)
= rf (no18p1 + 6n1po1 + 6n16p1), (14)

where rf denotes the radiative recombination coeffi-

cient. In general r& is temperature dependent. Cal-
culations have shown that r% is proportional to T~3/2
in bulk material?’»22 and proportional to T~! in 2D
material. 23728

In the following we restrict our considerations to the
case of n-type material, where Np =~ ng denotes the equi-
librium density of free electrons, which is valid in the
temperature range of PL loss, T' > 100 K. These carriers
are produced by the ionization of shallow donors in the
bulk or QW material and are trapped in the QW. Then
Eq. (14) becomes

IPL ~ Tﬁ(ND]_ —+ 51’11)5])1, (15)

with Np; = n¢1. The term dnypo; has been neglected
since po is very small compared to both §p and Np. Sim-
ilar considerations are valid for p-type material.

The temperature and time dependence of Ipj, can be
derived from a simple rate equation describing the change
of the total excess electron and hole densities dn and ép,
respectively, with time:

! m
d d

d—t(Snz a&p:g—;;rij(]vpi-i-&ni)&pj, (16)

where charge neutrality, dén/dt = dép/dt, applies for
bimolecular recombination processes. The optical gener-
ation of electron-hole pairs is represented by the gener-

ation rate g and the radiative (R) or nonradiative (NR)

recombination between electron states : = 1,...,l and
hole states 7 = 1,...,m is described by the recombina-
tion coefficients
rij = ri}; + Tf;R. (17)
Using Eq. (7) and (8) we have
NDi = NDl®ni7 Jni = ‘Snlq)nh 5p_7 = apltppj- (18)
Therefore, Eq. (16) can be rewritten in the form
d d
@’ = @ | m
=9 —rii(Np1 +6n1)6p1 3 > Rij®ni®p;, (19)

=1 j=1

with R;; = Tij/"'ﬁ = ("‘g + "'E’R)/Tﬁ'
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A. Continuous-wave excitation

Under steady-state conditions the generation of
electron-hole pairs is balanced by their recombination:

d d

E&n = ;i—tép =0. (20)
Inserting Eqgs. (15) and (20) into Eq. (19) we obtain, for
the PL intensity of (e; — hy) QW transitions,

-1
I m

IpL ~ g Z ZR,'J‘Q,”'QPJ' . (21)

=1 j=1

According to Eq. (21) we expect the same temperature
dependence of Ipy, for both low injection (én,dp < Np)
and high injection (én,d8p > Np). This result is a conse-
quence of the model assumption that both the optically
created carrier densities dn, §p and the extrinsic carrier
density Np are distributed in energy according to Egs.
(7) and (8) irrespective of their different origin. If, e.g.,
electrons from the background doping Np would not be
taken into account in the thermal carrier distribution and
a low optical excitation is assumed, then the dominant re-
combination term would be Npép and holes alone would
govern the decay kinetics with their associated hole bind-
ing energy. :

In the model outlined the recombination term
Tim(Npt + 6n1)0pm in Eq. (16) describes recombination
between continuous electron and hole states including
nonradiative surface or interface recombination. Accord-
ing to the familiar selection rules optical transitions with
it # j (¢ < l,j < m) are forbidden in an ideal square-
well potential QW and the corresponding recombina-
tion coefficients r;; should be zero. However, nonra-
diative recombination between electronic states at the
interfaces29733:1,:34.35 {5 a]lowed, and therefore the coeffi-
cients 7;; may be nonzero.

B. Pulsed excitation

In TR experiments the system is excited ideally by a
é pulse at t=0 and the excess electron and hole densities
decay to their equilibrium values at a rate determined by
the total recombination coefficients r;;:

d d I m

l-i_t&n = E&p = —*Tﬁ(NDl + 51’1,1)6])1 Z Z Rijéniq)pj-

i=1 j=1
(22)

For high excitation (én > Np) the decay of én and
ép is nonexponential immediately after switching off the
external light source. However, for long times t > %o
the excess majority-carrier density becomes much smaller
than its equilibrium value, i.e., dn < Np, and Eq. (22)
simplifies to a linear differential equation for the excess
minority-carrier concentration ép;:
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l m
d 33 Rt
= =
55171 = —5P1TﬁND =2 ) (23)
2D iy
=1 j=1
where the relations
m 1
dp = ép1 Z ®,;, Np = Np: Z D (24)
j=1 =1

have been used. Solving Eq. (23) we have

op1(t) = Jpl(to)e_t/" (25)
with
l m
Z Qniépj
= 1 =1 j=1 (26)

TﬁND I m

Thus, for low excess carrier densities, the excess minority-
carrier concentration decays exponentially with time con-
stant 7.

Using Eq. (15) with én < Np we obtain, for the time-
dependent PL intensity,

IpL(t) = IpL(to)e /™ ~ r& Np1ps (t). (27)

C. Discussion

Now let us focus on the temperature dependence of
Ipg, in Eq. (21) and 7 in Eq. (26). Since in the measured
PL spectra the intensities of ¢ — j radiative transitions
with (¢,7) # (1,1) are negligible in comparison to that
of the fundamental transition (¢,5) = (1,1), we deduce
rij = ik for (4,7) # (1,1), ie., for all transitions ex-
cept the fundamental one only nonradiative recombina-
tion processes are taken into account. This is surely valid
for our samples with thin QW thicknesses and therefore
large energy steps for confined QW states. All nonradia-
tive recombination coefficients r\F are taken to be ap-
proximately temperature independent. For the radiative
recombination coefficient 7 a temperature dependence
r® ~ T~ is taken into account as cited above, yielding
Rij = iy} /rfy ~ T for (i,5) # (1,1). The contribution
of rﬁR to the total recombination coeflicient r{; is not
known. Therefore, the ratio rN} /rf in Ry; = 1+r1 R /rR
is treated as a fit parameter. In Sec. III, Eqs. (21) and
(26) will be used to model the experimental data.

In order to demonstrate the characteristic features of
our theoretical model, Fig. 1 shows the intensity Ipj,
from Eq. (21) (dotted lines) and the lifetime 7 from Eq.
(26) (dashed lines) in an Arrhenius plot calculated for a
fictitious QW. In Fig. 1(a) the 2D DOS from Eq. (3)
and in Fig. 1(b) the § DOS from Eq. (11) have been
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FIG. 1. Model calculations of Ipy (doted lines) and T
(dashed lines) using Eq. (21) and (26), respectively, with
I =m = 2 for a 2D DOS (a) and a § DOS (b). Slope values
AFE of the curves in the high-temperature limit were obtained
from fitting simple exponentials ~ exp(AE/kpT) (solid lines)
to the calculated curves.

used. Only one confined state is taken for both electrons
and holes (i.e., I = m = 2) with binding energies AE,,
= 120 meV and AE,; = 80 meV, respectively. The fol-
lowing input parameters have been chosen for the graph:
Ry = Ryy = 1T K_l, Ry = 100T K_l, Cra = Cpg
= 1 K~%/2 (2D DOS), and Crz = Cpz = 10 (§ DOS).
Both Ip;, and 7 start to decrease with increasing tem-
perature at around 100 K. Whereas the slope of In(Ipy,)
vs (1/T) steadily increases and does not reach any maxi-
mum, the slope of In(7) vs (1/T') reaches its maximum at
T =~ 300 K and decreases again for higher temperatures.
Fitting a simple exponential function exp(AE/kgT) to
the high-temperature part of Ipy, and 7, as usually done
for experimental temperature-dependent data, the total
binding energy AFE;, = 200 meV is not correctly deliv-
ered. The slope AFE turns out to be larger than A Ey; for
Ipg, (236 meV, 203 meV) and lower than AEy for 7 (165
meV, 149 meV) for both the 2D DOS and the § DOS.
The difference between the temperature dependences of
Ip1, and 7 can be understood by analyzing the relation

l m
2D Tniyy

i=1 j=1

T =
grfi Np

Ipy, (28)
obtained from Egs. (21) and (26). The exponential func-
tions in the numerator and the radiative recombination
coefficient 7% ~ T~ in the denominator lead to a weaker
decrease of 7 with increasing temperature compared to
Ipp,. In order to extract the dominating term of Ipy, in
the high-temperature limit the inequality
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leCnlem > Rianiij, i<l,j<m (29)
is applied to Eq. (21). It holds for high temperatures
whenever effective nonradiative recombination processes
are present in the barrier material. In the simple case of

a d-shaped DOS Ipy, becomes

9 eAFBiot/kBT

Bo~—23
PL lecnlem (30)

Taking into account the temperature dependence of
Ryn ~ T an activation energy slightly larger than the
total binding energy AFE;ot = AE,; + AE,,, is obtained
from the slope of In(Ipy,) vs (1/T). Considering the more
realistic 2D DOS Eq. (30) becomes

IZD g[l _ e-—AE,,z/kBT][l _ e—AEpg/kBT]
PL ™ -1 m—1
Rim, [Z Cri + CutTY?| | 3" Cpj + CpmT*/?
i=1 j=1
x gAFro/kp T (31)

Here the dominant temperature-dependent term of the
PL intensity is again given by exp[AFiot/kpT]. How-
ever, the quenching of Ipy, with increasing temperature
is strengthened by the two exponential functions in the
numerator and by T-dependent terms in the denomina-
tor. Thus, for both types of DOS, assuming Ry, ~ T,
the resulting slope in an Arrhenius plot In(fpy,) vs (1/T')
is larger than the total binding energy at high temper-
atures. As a conclusion we note that the activation
energy of nonradiative recombination processes cannot
be determined by fitting a simple exponential function
exp(AE/kpT) to the experimental data of Ipy, or 7. On
the contrary, a careful comparison has to be performed
between calculated curves and measured data within an
extended temperature range where Ipy, or 7 decrease by
at least three orders of magnitude.

III. MEASUREMENTS
A. Experimental details

The CW PL spectra were recorded with excitation at
488-nm or 514-nm wavelength of an Ar*-ion laser at sam-
ple temperatures varied from 1.7 K to 400 K. The PL
signals were dispersed by a 1-m grating monochromator
and detected by a germanium photodiode cooled to 77
K or a Peltier cooled GaAs photomultiplier. The signals
were processed by conventional lock-in techniques.

For the TR PL measurements with picosecond excita-
tion we used a CW mode locked Ar+*-ion laser followed
by a synchronously pumped dye laser (pulse width 10 ps,
A = 800 nm) with a repetition rate of 75.3 MHz. The
PL signal was detected by a fast S1 microchannel plate.
The experimental setup had an overall time resolution of
about 50 ps.

Most of the PL investigations were carried out for dif-
ferent high and low excitation densities. In contrast to
the TR case CW investigations exhibit a larger dynamic
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range in the observation of PL signals. Hence for CW
excitation the PL intensities could be observed over an
intensity range of more than three decades, and lifetimes
could only be recorded over less than two decades.

B. Results and discussion

Continuous-wave and time-resolved PL measurements
were performed on four different samples grown by
molecular-beam epitaxy (MBE) or metalorganic vapor-
phase epitaxy (MOVPE). Sample 1 contains a MBE-
grown pseudomorphic Ing 15Gag s5As/GaAs MQW struc-
ture with three QW’s of thicknesses L, = 15 nm that
are separated by GaAs barriers of 60-nm width (inset of
Fig. 2). Sample 2 has nearly the same structure as sam-
ple 1 with the exception of two additional Alg 33Gag.62As
cladding barriers on both sides of the MQW structure (in-

Temperature T(K)

o0 O
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T T
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N F o
. [ &
E Q
s |2
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b (@
,‘;105_ .
=
S 10°F G ——— go———
o r . R
5 104 —
~ -
210°F I
2 I g
2102} 15nm

118
i 10 H

N -
15 20 25 30 50 100
1000/T (1/K)

5 10

FIG. 2. Temperature dependence of PL lifetime (a) and in-
tensity (b) for sample 1. The sample incorporates three QW'’s
with L, = 15 nm separated by barriers of Lg = 60 nm (in-
set). The measurements were performed at the two different
excitation strengths of 0.3 pJ/cm? () and 30 nJ/cm? (A)
for TR, and 1 W/cm? () and 8 mW/cm? (A) for CW PL.
The solid and dotted lines represent fits to the experimental
data using (a) Eq. (26) and (b) Eq. (21). In order to achieve
good agreement between experiment and theory very large
recombination parameters R;; for the higher-lying confined
QW states have to be assumed. In the case of the PL life-
time (a) we obtain Rz = 1T K™ for low excitation and Rz
= 1T K~ for high excitation. The PL intensities shown in
(b) were shifted vertically for comparison. Both curves are
described by our theoretical model (dotted lines) with Rz; =
507 K~! and Rz = 30T K™ ! for low excitation and Rz, =
207 K™ for high excitation. The curves drawn by solid lines
are calculated with Ri2 = Raz = 0.01T K1,
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set of Fig. 3). These barriers prevent charge carriers from
leaving the QW region. The three wells have identical
thicknesses of L, = 10 nm and are separated by barriers
of 10-nm width. Sample 3 was grown by MBE and incor-
porates two coupled GaAs/Alg 33Gag.e7As QW’s of width
4 nm (QW1) and 7 nm (QW2) (inset of Fig. 4). The
barrier between the wells has a thickness of 10 nm. Mea-
surements were also performed on the MOVPE-grown
MQW structure 4 containing six QW'’s of lattice matched
Ing 53Gag 47As/InP. The QW’s have widths of 0.3 nm, 0.6
nm, 1.1 nm, 2.5 nm, 4.8 nm, and 8.7 nm and barriers in
between of 20 nm. In addition, the sample contains an
Ing 53Gag. 47As control layer that is 110 nm wide.

For all samples under investigation the discrete QW
energy levels E,; (i < l), Ep; (j < m) and the associ-
ated activation energies AE,; = En; — Fn1 (1= 1,...,1),
AE,; = Ep; — Epy (j =1,...,m) were calculated from
the known well potentials F,;, Epn, and the well widths
L, using a transfer matrix method and taking into ac-
count 2D exciton binding energies.?%:37 The calculated
values given in Table I match the experimental values
from photoluminescence excitation (PLE) measurements
at T = 4.2 K within a few meV.

The measured temperature dependence of the PL in-
tensities Ip;, and lifetimes 7 were modeled using Egs.
(21) and (26), respectively. The occupation ratios ®,;
and ®,; were taken from Egs. (7) and (8) considering
the DOS described by Eq. (3). Before presenting ex-
perimental data the values of the parameters used in the
comparative calculations will briefly be summarized. The

Temperature T(K)

oo o
ole) o oo
PRLIY - 2 .
10" P T T .10
sample M109
~~
210°
C
3' ~~
0 [2]
[ (o
O ~
N
2 3 O

‘4?10 :10 £
12} =
C [
3 R
-E‘ —
1 10°
o

10° 102

1000/T (1/K)

FIG. 3. Temperature dependence of PL intensity (O) and
lifetime (A) for sample 2. The sample incorporates additional
barriers to keep the carriers within the QW region. The exci-
tation densities are 50 mW/cm? (CW) and 30 nJ/cm? (TR).
The dotted lines represent fits to the experimental data. Used
for the TR measurements were Rzz = Ry, =10737T K~! and
for the CW measurements R23 = Rim = 10727 K~ ! and R;»
= 0.57 K. The solid curve is calculated for comparison
with Ri2 = 10727 K1,
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107%
10°

PL Intensity (arb.units)

10721

1074k
L 1
50 100

10 1I2
1000/T (1/K)

FIG. 4. Temperature dependence of PL intensities from
QW1 (4 nm) and QW2 (7 nm) of sample 3. Shown are
measurements for excitation densities of 2 mW /cm? (+), 320
mW /cm? (A), and 3 kW /cm? (O). The solid lines represent
fits to the experimental data. For medium and high excita-
tion densities R1s =~ 107 K~ ! is used to fit the PL intensities
of QW1.

steps cp; (2 < 1) and ¢p; (7 < m) in the 2D DOS were
assumed to be of equal height, respectively, resulting in
Cri = Cpj = 1fori<l,j <m. A rough estimate of C,,
and Cp,, using Eq. (10) yields Cn; ~ Cpm ~ 1 K™1/2,
Since it is essentially the product between C;; and R;;
that appears in the formula of Ip;, and 7 the values of
the C;; were held constant and the ratios R;; = r;;/r%
were treated as fit parameters. If not stated otherwise we
have obtained values in the range r}} /7R <1027 K1,
1T K™ < Ry, < 10°T K71, and R;; < 0.17 K~! for all
other R;;. The high values of Ry, indicate that very ef-
fective nonradiative recombination channels are present
in the barrier material, leading to a strong decrease of the
PL intensity at high temperatures. Nonradiative transi-
tions from spatially extended states above the QW po-
tential to confined 2D states within the QW are assumed
to be negligible and therefore the corresponding R;; are
set to zero. However, this restriction has turned out to
have no significant influence on the theoretical results. It
should be emphasized that it is not the aim of this pa-
per to deduce exact values for the parameters Cp;, Cp;,
and R;;. Therefore, only the orders of magnitude are
given. These are sufficient for the discussion of our pri-
mary problem of carrier activation energies out of the
QW'’s. The activation energies AE,; (: = 1,...,l) and
AE,; (j = 1,...,m) of Table I were used as discussed
above.

In Fig. 2 the temperature dependence of the
PL lifetime 7 and the PL intensity Ipy for the
Ing.15Gagp.ssAs/GaAs MQW sample 1 is shown in an
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TABLE I. Activation energies AE,; and AE,; of electrons and holes, respectively, used in our
model to describe the temperature dependence of the PL intensity Ipy and the lifetime 7. The
QW confinement energies E.; and E,; are calculated using the transfer-matrix method and are in
good agreement with our data from PLE measurements at T = 4.2 K. AE,; and AF,,, indicate
the binding energies given by the difference between the QW potential and the lowest confinement

energy, i.e., the QW ground state.

Sample Material AE,; = E,; — Ep1 (meV) AE,; = Ep — Eny (meV)
system (1<i<l)
1 Ino,lsGao,ssAS/GaAS 37 61
2 Ino,lsGao_ssAS/GaAS 50
3 (QWI) GaAS/Alo,aaGao,s-(AS 142
3 (QW2) GaAS/Alo.33G30_57AS 139 196
4 Ino_53Ga0_47As/InP 8
AEy,; = Epj — Epy (meV) AEpm = Epm — Ep1 (meV)
(1<j<m)
1 7 20 36 45
2 20 45
3 (QWI) 37 97 125
3 (QWZ) 22 43 109 117 144
4 75 92

Arrhenius-type plot. For the CW measurements [Fig.
2(b)] two different excitation densities of 8SmW /cm? (tri-
angles) and 1W /cm?® (circles) were used. The measured
PL intensities in Fig. 2(b) differ by a factor of 100 at low
temperatures but have relatively been shifted vertically
for a better comparison. For T' < 50 K the PL intensities
remain nearly constant until they drop at higher tem-
peratures. The PL intensities could be measured over
a range of four orders of magnitude for high excitation
and over a range of three and a half orders for low ex-
citation. It should be emphasized that the slopes of the
experimental curves increase over the whole detectable
intensity range of at least three orders of magnitude. The
temperature-dependent behavior of the two curves is sig-
nificantly different. In the case of high excitation the
slope of the curve continuously increases with increasing
temperature for 50 K < T' < 150 K and becomes nearly
constant for T > 150 K. For low excitation the slope
strongly increases at T' =~ 50 K and is nearly constant
between 50 K and 80 K. For higher temperatures the
slope increases again, but it does not match the maxi-
mum value of the high excitation curve within the tem-
perature range accessible to observation. Using values
for the recombination coefficients R;; as given above the
experimental curves can be well described by our the-
oretical model only in the limit of low and high tem-
peratures (solid lines). In the temperature range 50 K
< T < 150 K a satisfying fit to the experimental data
can only be obtained if unreasonably large recombination
coefficients are chosen for some of the higher-lying con-
fined QW states (dotted lines). Therefore, we are led to
the assumption that there may exist further nonradiative
recombination channels with an activation energy lower
than the total binding energy AF;,; and independent of
the QW energy levels. Similar observations have already
been made by other groups.!®16:20 Since the feature of
weak PL decrease is less pronounced for high than for low
excitation density these recombination channels seem-

ingly saturate with increasing excitation density. The
origin of these competing recombination processes is not
yet known. However, nonradiative recombination at in-
terface states between QW and barrier has widely been
suggested to be responsible for the observed behavior of
Ipp, at medium temperatures.:15,29,30,32,33

In Fig. 2(a) the temperature dependence of PL lifetime
7 is depicted for excitation pulses with low energies of 30
nJ/cm? (triangles) and high energies of 0.3 pJ/cm? (cir-
cles). In the case of low excitation (triangles) the lifetime
increases with increasing temperature for 7' < 50 K and
drops exponentially for T > 100 K. At low temperatures
charge carriers are trapped within the QW and the in-
crease of lifetime 7 mainly reflects the T~ temperature
dependence of the recombination coefficient 7. At in-
creasing temperature states with energies above the QW
potentials E,; and E,,, are occupied and nonradiative
transitions from these states lead to a strong decrease of
the PL lifetime 7. For high excitation (circles) the in-
crease of 7 between 4.2 K and 50 K is less pronounced
than for low excitation. This may be due to a saturation
of the radiative recombination channel. For both exci-
tation densities the temperature dependence of T can be
well described within our model (dotted lines) using Eq.
(26) with the same parameters Cy,; and Cp; as for the CW
investigations. However, the recombination coefficients
R;; have to be modified, which may be due to different
recombination kinetics for CW and pulsed excitation.

The temperature dependence of the PL lifetime 7 (tri-
angles) and the intensity Ipy, (circles) of sample 2 are de-
picted in Fig. 3. The inset of Fig. 3 schematically shows
the conduction-band and valence-band potentials along
the growth direction. The temperature dependence of
both PL lifetime and PL intensity is significantly different
from those of sample 1 within the temperature range 4.2
K < T < 300 K. The PL intensity decreases only by two
orders of magnitude and the PL lifetime monotonuously
increases over the whole temperature range. In compar-
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ison to sample 1 the QW’s of sample 2 are thinner and
hence the binding energies are smaller. Therefore, with-
out any cladding barriers the drop of PL intensity and
lifetime would be expected to occur at even lower tem-
peratures than in sample 1. However, the Al,Ga;_,As
cladding barriers on both sides of the MQW structure
play an important role for the reduction of carrier loss
channels. Carriers thermally activated into continuous
QW or barrier states are reflected at the cladding barri-
ers and are therefore hindered from leaving the QW re-
gion. Thus, nonradiative recombination processes in the
barrier material such as surface recombination are sup-
pressed to a large extent and the decrease of Ipy, and 7
with increasing temperature is weakened. This behavior
is reflected in the very low values of the recombination
coefficients Ry, for transitions between unbound electron
and hole QW states above the well potential necessary for
good fits to the experimental data (dotted lines). These
values are smaller by a factor of 10* to 10® compared to
those of sample 1. Analogously to Fig. 2(b), the solid
curve in Fig. 3 is calculated for comparison with very
small coefficients R;; = 10~ 2T K~ representing recombi-
nations between higher-lying bound states. Values larger
by several orders of magnitude have to be used to obtain
the dotted curve. This demonstrates that the weak de-
crease of the PL intensity in the temperature range 80
K < T < 200 K cannot be explained by nonradiative
recombination between electron and hole barrier states.

In Fig. 4 the temperature dependent PL intensities
from QW1 and QW2 of sample 3 are shown for the three
different excitation densities 3 kW /cm? (circles), 320
mW /cm? (triangles), and 2 mW /cm? (crosses). For high
and medium excitation the results are similar to those
of sample 1 and can be modeled satisfactorily. However,
for the extremely low excitation density of 2 mW/cm? a
qualitatively different behavior is found. There is an ad-
ditional step between 150 K and 200 K for both QW’s.
With increasing excitation density this step is smeared
out. Furthermore, there is a second unusual feature at
2 mW/cm? excitation density around 80 K where QW1
exhibits an abrupt jump of a factor 10 in the PL inten-
sity. Such temperature behavior has not been found in
any other QW PL. Obviously, there are processes which
are not contained in our model. Therefore, in this case
the model cannot describe correctly the observed tem-
perature dependence of the intensities. The final, strong
intensity decrease at high temperatures is common to all
excitation densities. Again, the curves can be well fitted
using as thermal activation energies the total binding en-
ergy AFE;,; of electrons and holes in the QW.

Next, we have studied the thinnest QW (L, = 0.3 nm)
of sample 4 which incorporates six QW’s in total and
was grown by MOVPE. The temperature dependence of
the PL intensity and the PL lifetime of that QW are
shown in Fig. 5. The corresponding data of the other
five QW’s are dominated by vertical carrier transport
across the InP barriers from thinner into broader QW’s
and will be reported elsewhere. In this paper we focus
on the QW with L, = 0.3 nm. The PL intensity has
been studied for excitation densities of 240 pW/cm?,
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FIG. 5. Temperature dependence of PL intensities and life-
times from the thinnest QW (L. = 0.3 nm) of sample 4.
The PL intensities were recorded with four different excita-

tion densities. The lines represent fits to the experimental
data.

210 mW/cm?, 1.2 W/cm?, and 30 W/cm?. The PL
signal could be detected over an intensity range of two
decades. Independent of the excitation level, all decay
curves have identical high-temperature slopes that are
associated with the total binding energy AF;ot. In con-
trast to the MBE-grown samples 1, 2, and 3, no weak
initial decrease of Ipy, is observed in this MOVPE-grown
sample. With our assumption that recombination cen-
ters at the QW interface are responsible for the PL de-
crease at medium temperatures, the lack of this decrease
may be the consequence of an excellent crystal qual-
ity reducing the strength of nonradiative recombination
at the interfaces between Ing s3Gag 47As and InP. The
only difference between the intensity curves is a steady
shift of the threshold temperature where the intensity
begins to drop. Within our model this shift can be well
reproduced by reducing the value of R;,,. This indi-
cates that the dominating nonradiative recombination
processes in the barrier material described by Ry, are
saturable. The drop of the PL lifetime 7 (excitation en-
ergy 30 nJ/cm?) versus temperature is almost identical
to that of Ipy,. Good agreement between experiment and
theory (solid line) is achieved if nonradiative transitions
between bound QW states are neglected.

IV. CONCLUSION

Temperature-dependent CW and time-resolved PL
measurements were performed on QW'’s in different ma-
terial systems for both high and low excitation den-
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sities.  For all samples with the exception of the
Ing.53Gag.47As/InP sample it was shown that the de-
crease of the PL intensities with increasing temperature
can be separated into two ranges. In the first range,
at medium temperatures, the PL intensity decreases by
about two orders of magnitude. Here, an Arrhenius-type
plot yields an activation energy smaller than the total
binding energy of electrons and holes. This range is most
pronounced for low excitation densities. In the second
range, at high temperatures, the drop of PL intensity
is strong and the corresponding activation energy is as-
sociated with the total binding energy of electrons and
holes. The experimental data for both CW and time-
resolved measurements can be well fitted within a theo-
retical model where electrons and holes are distributed
in energy according to Fermi-Dirac statistics assuming a
steplike two-dimensional density of states and radiative
or nonradiative recombination between QW or barrier
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states, respectively. However, unreasonably large recom-
bination coefficients have to be used for the nonradiative
transition between some of the higher-lying QW states
in order to model the PL intensity in the first temper-
ature range. This leads to the conclusion that further
recombination channels exist, presumably located at the
interface between QW and barrier, with an activation en-
ergy lower than the total binding energy A Ey.; and inde-
pendent of QW energy levels. In the Ing 53Gag 47As/InP
sample the first range of weak PL decrease does not ap-
pear and both PL intensity and lifetime decrease only
with the total binding energy. This is attributed to the
high crystal quality of this sample. Theoretical consider-
ations and experimental data have been used to conclude
that in the high-temperature limit the final drop of PL in-
tensities and lifetimes is associated with the total binding
energy of electrons and holes independent of the material
system and the excitation density.

* Present address: ANT Nadwichtentechnik GmbH Bosch
Telekom AN/EVO/51, Gerberstraie 33, 71520 Backnang,
Germany.
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