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The temperature and laser pumping power dependent photoluminescence (PL) has been investigated on
strained single quantum wells (SSQWs) using inductively coupled-plasma (ICP) etching method. Sig-
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nificant improvement of PL performances was observed in the plasma-etched SSQW in comparison
with the as-grown samples. The enhancement factor increases with the increasing of temperature, but
decreases with the increasing of pump power. At lower temperatures, the larger full width at half max-
imum (FWHM) and the blue-shift of PL peak positions for the plasma-etched SSQW may be attributed
to the damage and reduced composition fluctuation within the quantum well structure aroused during
tching
hotoluminescence

plasma etching.

. Introduction

With the growing reduction in dimensions of optoelectronic
evices, low damage and anisotropic etching processes, such as

CP, are highly desirable for device patterning [1–4]. Even though
CP-introduced structural damage may exist in semiconductors,
remendous efforts have been devoted to minimized or recovery
he damage [5,6]. The performance of some optoelectronic devices
uch as light emitting diodes (LEDs) can even be enhanced due to
he improved light extraction efficiency after ICP etching [7,8]. And
reatly enhanced optical properties of plasma-treated group III–V
uantum wells (QWs) or group II–VI nanorods were also reported in
revious work [9,10]. But the PL properties of plasma-etched group

II–V QWs influenced by temperature and laser pumping power are
till not well studied.

In this letter, an obviously enhanced PL intensity of
nAs0.45P0.55/In0.68Ga0.32As0.45P0.55 strained single quantum well
SSQW) after plasma etching was observed in our experiments.
he enhancement factor is greatly influenced by temperature
nd pumping power. This abnormal phenomenon promotes us to

xplore the difference of the PL properties between the as-grown
nd plasma-etched InAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SSQW
hanged with temperature and pump power.
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2. Experimental details

InAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SSQW were grown on InP (1 0 0) semi-
insulating substrate by Thermal V90 gas-source molecule-beam epitaxy (GSMBE)
[11]. A 50 nm InP buffer layer was grown on substrate first. A single quan-
tum well comprising two 10 nm In0.68Ga0.32As0.45P0.55 barrier layer and a 9 nm
InAs0.45P0.55 well layer (�Ec = 0.14 eV, �Ev = 0.05 eV) was then followed. A 50 nm InP
cap layer was covered finally. Before plasma etching, one half of the sample surface
was deposited with 420 nm SiNx by plasma-enhancement chemical-vapor deposit
(PECVD). The samples were then etched to different depths by inductively coupled-
plasma-98C (ICP-98C). The etching-gases used in ICP were Cl2 and Ar with flow rates
of 6 and 12 sccm, respectively. The ICP power was 200 W with an auto bias of 130 V.
The times for ICP etching to etch 10-nm InP, 20-nm InP and 40-nm InP are 15, 21 and
28 s, respectively. After plasma etching, SiNx was removed by diluted HF solution
(1:10). Diluted HF solution etches alloys with high contents of AlAs and AlSb, but
not those with high contents of GaAs, InAs, and InP, so it does not damage the QW
structure [12]. The etching depth was measured by a Talystep profiler (XP-2) and the
typical intrinsic error of the Talystep profiler is 3.7 nm. Roughness of mean square
(RMS) of the surface of the as-grown and ICP-etched sample is 0.52 and 1.98 nm
recorded by the Talystep profiler. The QW PL spectra were measured by Fourier
transform infrared (FTIR) photoluminescence experimental system (Nicolet-760).
The 514.5-nm line of an Ar+ laser was used for excitation. Samples were mounted
in a cryostat using gases He as a refrigerating medium. The temperature of samples
was controlled within the accuracy of ±0.1 K using a temperature controller.

3. Results and discussion

Fig. 1 shows the PL spectra of the as-grown and plasma-etched
In0.68Ga0.32As0.45P0.55 SSQW at 10 K. It can be seen that the SSQW

PL peak intensity increases gradually when the etching depth
is smaller than 40 nm, and then quickly decreases with further
increasing of the etching depth. The PL peak wavelength of the
plasma-etched samples exhibit a blue-shift compared with that of
the as-grown sample can be ascribed to composition fluctuation

http://www.sciencedirect.com/science/journal/09258388
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Fig. 2. PL spectra of an InAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SSQW at different tem-
peratures with a constant pumping power (30 mW) for (a) as-grown sample and
ig. 1. PL spectra of an InAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SSQW at low temperature
0 K for different etching depths.

nd strain change inside the QWs structures which will be
etailedly discussed in the following part [13,14]. The increased
L intensity can be understood by considering the following facts:
a) plasma etching process induces surface roughness, which is
nown to enhance light extraction efficiency of QW; (b) molecular
ynamics simulations show that Ar+ ions have the nonzero dif-
usion probability along 〈1 1 0〉 direction on III–V semiconductors
ven with low energies [15]. Therefore, a portion of incoming Ar+

ons (∼0.1%) penetrates into the QW, which partially passivates the
rown-in defects within the strained QW structures [16,17]; (c) The
hinner capping layer allow more pumping light be absorbed by
W. However, a longer etching time will introduce much more Ar+

ons in the QW structure not only damaging the QW structure but
cting as defects, ultimately leading to a degradation of PL intensity.

Fig. 2 indicates PL spectra of the as-grown and plasma-etched
nAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SSQW at various temperatures
etween 20 and 300 K under a constant pumping power of 30 mW.
he PL peaks continually shifts toward the high photo-energy
ide with the narrowing of the line-width when temperatures
re decreased. The PL enhancement factor Q which is defined
s the ratio of peak intensity of etched sample to the as-grown
ne, increases with the rising of temperature but decreases with
he pumping power, as shown in the inset of Fig. 2(b). As radia-
ive and nonradiative recombination coexists during an external
xciting irradiation, their competition determines the tempera-
ure dependent PL behavior as to InAsP/InGaAsP QW system, the
hotogenerated carriers contributing to nonradiative recombina-
ion dominates at higher temperatures, whereas radiative excitons
ecombination at lower temperatures [18,19]. Composition fluctu-
tion, well-width fluctuation and interface roughness could exist
nside the as-grown QW structure. These grow-in structural vari-
tions lead to an effective band-gap modulation in the growth
irection and a statistical distribution of local potential minima
20]. At low temperatures, the minima act as trap sites and the pho-
ogenerated excitons in the wells can drift towards the potential

inima as the drift time is much shorter than that they are cap-
ured by nonradiative centers [21]. Therefore, the internal quantum
fficiency of the as-grown sample increases at low temperatures
nd closes to that of the etched sample due to the low capture
ate of the excitons. But at high temperatures, excitons can escape
rom the potential minima by thermal excitation and hence carriers
ould be mostly captured by nonradiative recombination centers

nside the as-grown sample which leads to a decreased internal
uantum efficiency. But there are less grown-in defects inside the
tched sample due to passivation of appropriate Ar+ ions dwelling
n. So the internal quantum efficiency of the as-grown sample
(b) plasma-etched 20 nm sample. In the inset of Fig. 2(b) shows the PL inten-
sity enhancement factor of plasma-etched sample versus temperature for different
pumping power.

decreases more rapidly than that of the plasma-etched sample giv-
ing an increased PL enhancement factor at high temperatures. At
a given temperature, more free carriers will be produced in the
InAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SSQW under a higher optical
pumping power. And the free carriers can screen the potential min-
ima and weaken the emission of light, resulting in a small value of
Q in the plasma-etched sample.

Fig. 3 indicates the PL intensities variation of both samples for
different pumping power at three different temperatures. At a cer-
tain temperature, the PL intensities of both the plasma-etched
and as-grown samples increase almost linearly with the pump-
ing power. The PL intensities, however, increase relatively slow
when the pumping power is high at low temperatures, especially at
10 K. This can be attributed to the excitons screening effect [22]. At
very low temperatures, the exciton screening effect is predominant
over the intensity dependence of the excitonic relative population
under a higher excitation, resulting in a reduced PL increase rate
[19]. When temperatures increase, the excitons screening effect
does not exist as the phonons relax the binding energy of the exci-
tons, then the rate of PL intensity enhancement accelerates with
the increasing of pump power.
Fig. 4 shows the relation of PL peak energy of
InAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SSQW with tempera-
tures. The temperature dependence of PL peak energy of
InAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SSQW can be expressed by
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Fig. 5. PL FWHM of an InAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SSQW before and after
plasma etching versus temperature. The solid line is a fitting curve for the as-grown
ig. 3. PL intensity of an InAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SSQW versus pumping
ower at different temperatures.

arshni equation [23]:

g(T) = Eg(0) − ˛T2

T + ˇ
(1)

Eg(0) is the energy gap at 0 K, the fitted ˛, ˇ, are material param-
ters. The PL peak energies of both samples shift to the lower
nergies side with the increasing of temperature. Compared with
he as-grown samples, the PL peak energy of the plasma-etched
amples shift to the higher energies. And their difference becomes
istinct at low temperatures. As there are more composition fluc-
uation, well-width fluctuation and interface roughness inside the
s-grown sample which give rise to a statistical distribution of
ocal potential minima, hence PL emission lies at the lower energy
24,25]. The etching process could have a homogenizing effect on
hese composition fluctuation and interface roughness. So the PL
eaks of the plasma-etched sample shift to the higher energy. The
oincidence of the PL peaks of the as-grown sample with that of
tched ones at higher temperatures is due to the escape of carriers

ver the potential minima by thermal excitation.

The overall temperature dependence of the luminescence effi-
iencies of the as-grown and plasma-etched sample is shown in
he inset of Fig. 4. It can be seen that, at low temperatures, the

ig. 4. PL peak energy of InAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SSQW before and after
lasma etching versus temperature. The inset shows the integrated PL intensity
f InAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SSQW before and after plasma etching versus
emperature.
sample based on the exciton-photon coupling model.

luminescence efficiency of the localized excitons will be very high,
most probably ∼100%. This will be due to the lower capture rate
of the localized excitons by the nonradiative recombination sites
compared to that of freely movable excitons. At high temperatures,
the carriers can escape from the localized regions through thermal
excitation; therefore the PL peak of the as-grown sample starts to
coincide with that of the plasma-etched sample [26]. It can also
be seen that, the temperature range in which the luminescence
efficiency begins to decrease shows good consistence with the tem-
perature range of thermal activation of the localized excitons.

Fig. 5 shows the variations of PL FWHM as a func-
tion of temperature for both as-grown and plasma-etched
InAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SSQW. The temperature depen-
dent FWHM of the InAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SQW
as-grown sample can be well fitted to the exciton-photon coupling
model [27]:

� (T) = �i + �aT + �b

exp(ELO/kBT) − 1
(2)

where � i is inhomogeneous part, and � a, � b represent the corre-
sponding coupling strengths with acoustic and longitudinal optical
(LO) phonon, respectively. ELO is the energy of LO phonon, and kB

is the Boltzmann constant. For InAs0.45P0.55/In0.68Ga0.32As0.45P0.55
SSQW, the values for � i, � a, � b, ELO are 7.21 meV, 0.03 meV/K, 17.1
and 36.1 meV, respectively. The PL FWHM of plasma-etched sam-
ple is obviously wider than that of the as-grown sample, especially
when the temperature is below 70 K. In general, the luminescence
line shape is a convolution of an inhomogeneous part and a tem-
perature dependent homogeneous part. Interface roughness and
random alloy disorder mainly contribute to the inhomogeneous
line-width in the strained quantum well structure, especially in the
low-temperature range [28]. There is more alloy disorder inside
plasma-etched samples compared to as-grown samples. Thus its

inhomogeneous broadening is larger than that of as-grown sam-
ple. At higher temperatures, the contribution of longitudinal optical
photons to the homogeneous part of the line-width broadening
becomes dominant due to the increasing of photon population,
which has almost the same effect on both types of samples [29].
So the FWHM different between the plasma-etched and as-grown
sample is reduced.



5 and Co

4

a
i
o
p
r
i
i
p
o
fl

A

R
2
(
t
C
0

R

[
[
[
[
[
[

[
[
[
[
[
[
[
[
[
[
[

4199.
98 M. Cao et al. / Journal of Alloys

. Conclusions

Temperature dependence of PL spectra for plasma-etched and
s-grown InAs0.45P0.55/In0.68Ga0.32As0.45P0.55 SSQW was measured
n the temperature range of 10–300 K. Significant enhancement
f PL intensity was achieved for the plasma-etched sample com-
ared with that of the as-grown sample. This is due to the surface
oughening and microstructure transformation triggered by Ar+

ons channeling into the QW structure. The PL enhancement factor
ncreases with the temperature. A larger FWHM and PL intensity
eak position blue-shift of the plasma-etched sample were also
bserved. This is due to the strain damage and reduced composition
uctuation inside the QW structure during the plasma process.
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