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Luminescence enhancement effects are observed in the plasma-etched InAs0.45P0.55/
In0.68Ga0.32As0.45P0.55 quantum wells �QWs�. Characterizations of photoluminescence, atomic force
microscopy, and secondary-ion mass spectroscopy reveal that surface roughening due to ion
bombardment onto surface and microstructure changes resulted from Ar+ ions tunneling into the
material in the plasma etching process account for the PL enhancement phenomenon. The
combination of plasma etching and selective lift-off of the InP cap layer of the
InAs0.45P0.55 / In0.68Ga0.32As0.45P0.55 QW structures allows us to separate the two enhancement
factors, which indicates the Ar+ ions tunneling into the crystal is the dominant factor that enhances
the luminescence emission of InAs0.45P0.55 / In0.68Ga0.32As0.45P0.55 quantum wells. © 2008 American

Vacuum Society. �DOI: 10.1116/1.2831497�
I. INTRODUCTION
In recent years, plasma etching, such as reactive-ion etch-

ing �RIE� and inductively coupled plasma �ICP�, has been
widely used for pattern transfer in fabricating III-V semicon-
ductor devices due to its superior uniformity, controllability,
and lower cost.1,2 However, plasma etching may damage the
semiconductor crystal, which degrades the optical and elec-
trical performance of the semiconductor devices.3–6 How-
ever, a few papers reported on the observation of enhanced
photoluminescence �PL� emission from quantum well �QW�
structures that were plasma etched though no comprehensive
explanations were given for this phenomenon.7 These con-
troversial reports let us explore the PL enhancement mecha-
nism of plasma-etched QWs.

InAsP / InGaAsP QWs have been widely used as active-
region materials for optoelectronic devices in the
0.9–1.5 �m wavelength range, such as lasers and
modulators.8–10 Plasma etching is used extensively in fabri-
cating InAsP / InGaAsP QW optoelectronic devices. In this
article, we report the observation of significant enhancement
of PL of plasma-etched InAsP / InGaAsP QWs. The mecha-
nism of the enhancement is analyzed by the combination of
PL, atomic force microscopy �AFM�, and secondary-ion
mass spectrometry �SIMS� to characterize the changes in sur-
face morphology and microstructure after plasma etching.
Surface roughening and Ar+ ions tunneling into the crystal in
the plasma-etched samples are two factors that contribute to
the enhancement of PL emission.

II. EXPERIMENTS
Two QW structures of InAs0.45P0.55 / In0.68Ga0.32As0.45P0.55

were grown on InP�100� substrates by gas-source molecule-
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beam epitaxy �GSMBE�: an InAs0.45P0.55/
In0.68Ga0.32As0.45P0.55 single quantum-well �SQW� structure
and an InAs0.45P0.55 / In0.68Ga0.32As0.45P0.55 multiple quantum-
well �MQW� structure with varied well width. For the SQW
structure, the InAs0.45P0.55 well width is 9 nm and the two
In0.68Ga0.32As0.45P0.55 barriers are both 10 nm thick. The
SQW is capped with a 50-nm-thick InP layer. The MQW
structure consists of six InAs0.45P0.55 wells with varied well
width �from bottom to top�: 9.6, 6.6, 5.0, 4.0, 3.2,
and 2.4 nm. The barriers are all 30-nm-thick
In0.68Ga0.32As0.45P0.55, and the cap layer of the MQWs is
80-nm-thick InP.

Before plasma etching, a 420-nm-thick SiNx layer was
deposited on half of the sample surfaces by plasma-enhanced
chemical-vapor deposition. The samples were then etched to
different depths by ICP. The etching gases used in ICP were
Cl2 and Ar with flow rates of 6 and 12 SCCM �SCCM de-
notes cubic centimeter per minute at STP�, respectively. A
low ICP power �200 W� was adopted, and the self-bias was
130 V. After plasma etching, SiNx was removed by HF so-
lution. Etching depth was measured by a Talystep �XP-2�
profiler. All of the PL measurements were done at room tem-
perature by using the 514.5 nm excitation line of an Ar+ ion
laser with pumping power density of 13 W /cm2.

III. RESULTS AND DISCUSSION

A. Observation of PL enhancement by plasma
etching

Figure 1 shows the PL spectra of the as-grown and the
plasma-etched InAs0.45P0.55 / In0.68Ga0.32As0.45P MQWs. For
the as-grown sample, the six PL peaks shown in spectrum �a�
correspond to the quantum transitions from the first elec-
tronic subband to the first heavy hole subband �E1-HH1� of

six wells with different well widths. After plasma etching of
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220 Cao et al.: Luminescence enhancement of plasma-etched InAsP/InGaAsP QWs 220
the MQW sample, all the six PL peaks display blueshift
�about a few nanometers� relative to the as-grown sample
which is shown in spectrum �b�. This small blueshift could
be attributed to the well/barrier disordering. The inset of Fig.
1 plots the PL intensity of the third well versus etching
depth. It can be seen from Fig. 1 that the variation of PL
intensity of the third well versus etching depth represents the
PL intensity variation of all six wells. From the inset, it can
be seen that as the etching depth increases, the PL intensity
enhances quickly. When the etching depth reaches 45 nm the
PL enhancement is at maximum and it is about four times of
the PL intensity of the as-grown sample. However, as the
etching depth continues to increase the PL intensity de-
creases gradually.

Figure 2 shows the measured PL spectra of four
InAs0.45P0.55 / InGa0.32As0.45P0.55 SQW samples: �a� as-grown
one; �b� plasma-etched 20 nm; �c� wet etched 30 nm after
plasma etching of 20 nm; �d� directly wet-etched 50 nm.
Here, a selectively wet etching method was used to lift off
InP capping layer in samples �c� and �d� and the selective
etching solution was HCl:H3PO4 �1:3�. As seen in Fig. 2,

FIG. 1. PL intensity of InAs0.45P0.55 / InGa0.32As0.45P0.55 MQWs: �a� as-grown
sample; �b� plasma-etched 45 nm sample. In the inset is the PL intensity of
well 3 vs etching depth.

FIG. 2. PL spectra of InAs0.45P0.55 / InGa0.32As0.45P0.55 SQW: �a� as-grown
sample; �b� plasma-etched 20 nm sample; �c� wet-etched 30 nm after

plasma-etched 20 nm sample; �d� directly wet-etched 50 nm sample.
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samples �a� and �d� display almost the same PL intensity
because these two samples were not plasma etched. For
sample �b� that was plasma etched of 20 nm InP cap layer,
the PL intensity of the SQW is also greatly enhanced and it is
3.3 times of that of the as-grown sample.

It is an interesting issue to explore the underlying mecha-
nism of the observed PL enhancement in the plasma
etched MQW and SQW samples. The PL enhancement
can be attributed to tow important factors, surface roughen-
ing caused by Ar+ ions bombardment on sample surface
and microstructural changes in the plasma-etched
InAs0.45P0.55 / In0.68Ga0.32As0.45P0.55 QW structures.

B. Surface roughening contribution to the PL
enhancement

It is known that plasma etching can lead to surface rough-
ening of epitaxial thin films because of ion bombardment
onto sample surface. The escape probability of photons at the
textured surface is increased by angular randomization, thus
output of PL emission can be enhanced by the surface rough-
ening. This effect has been used in fabricating high-
brightness GaN light-emitting diodes �LEDs�.11

The surface roughening can be measured by atomic
force microscopy �AFM�. We measured surface morph-
ology of the four SQW samples: the as-grown
InAs0.45P0.55 / InGa0.32As0.45P0.55 SQW sample �a�, the
plasma-etched 20 nm InAs0.45P0.55 / InGa0.32As0.45P0.55 SQW
sample �b�, the wet-etched 30 nm after plasma-etched 20 nm
InAs0.45P0.55 / InGa0.32As0.45P0.55 SQW sample �c�, and the di-
rectly wet-etched 50 nm InAs0.45P0.55 / InGa0.32As0.45P0.55

SQW sample �d�. The lift-off of the InP capping layer in
samples �c� and �d� by selectively wet etching should reveal
the interface morphology as smooth as the as-grown one.
Figure 3 shows four AFM images of the above four samples.
The AFM image �a� for the as grown sample presents a typi-
cal MBE grown surface �very smooth� with root-mean-

FIG. 3. AFM images of InAs0.45P0.55 / InGa0.32As0.45P0.55 SQW: �a� as-grown
sample; �b� etched 20 nm sample; �c� wet-etched 30 nm after plasma-etched
20 nm sample; �d� directly wet-etched 50 nm sample.
square �rms� surface roughness of 0.383 nm. However, after
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221 Cao et al.: Luminescence enhancement of plasma-etched InAsP/InGaAsP QWs 221
plasma etching of 20 nm, the surface of the SQW sample
becomes much rougher as shown in the image �b�. Its rms
roughness reaches 1.819 nm. Further, after the plasma-
etched surface was removed by lift-off method, a smooth
surface with rms of 0.496 nm was revealed again as shown
in Fig. 3�c�. Similarly, the surface of directly wet etching of
the InP capping layer �without plasma etching� also reveals a
similar smooth surface with rms of 0.425 nm. By compari-
son of the morphology changes of the four samples, it can be
seen that plasma etching significantly increases the surface
roughness, with rms of about five times. The surface rough-
ening should affect the escape probability of photons from
the surface.

The observed surface roughening caused by plasma etch-
ing will increase the escape probability of photons that emit-
ted from QWs at the surface by angular randomization. We
can calculate the escape probability of photons from a rough
surface by using the model of Yablonovitch:12

Iesc = 2��
0

�c 2n2 � Iinc

2�
�esc���cos���sin���d� ,

Tesc��� =�
ks

�
−

kz�

��

kz

�
+

kz�

��
�, kz =

2�

�
cos���, � TE:� = 1

TM:� = �
	 .

�1�

Here, n sin��c�=1, n is the refractive index of InP and Tesc���
is an angle-dependent surface transmission factor. Transverse
electronic �TE� mode and transverse magnetic �TM� mode
has different values of �. For simplicity, we substitute a

weighted-average transmission factor T̄esc for the angle-
dependent surface transmission factor Tesc���. Then, we have

Iesc= T̄escIinc. For the mirror like �smooth� surface, the escape
probability of photons is

Iesc� = 2�
0

�c

IincT̄esc cos���d� . �2�

The calculation by using the Yablonovitch model shows
that the escape probability of photons of the plasma-etched
sample is only 1.6 times of that of the as-grown sample. This
value is obviously much smaller than the measured PL inten-
sity enhancement �approximately four times� of MQW
sample, which indicates that surface roughening is not the
unique factor that contributes to the enhancement of PL. For
the plasma-etched SQW sample, we can extract the enhance-
ment factor due to surface roughening. As shown in Fig. 2,
the PL intensity of the plasma-etched SQW sample �b� is 3.3
times of the as grown sample �a� and 1.8 times of the
plasma-etched+lift-off sample �c�. The difference between
these two figures is, therefore, the contribution of surface
roughening resulted from plasma etching. The obtained sur-
face roughening contribution factor is 1.5 times of as grown
surface. This result is consistent with the enhancement factor

of 1.6 times calculated by the Yablonovitch model.
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C. PL enhancement due to microstructural change

The above theoretical calculation and experimental mea-
surement result discussed in Sec. III B show that the PL en-
hancement factor due to surface roughening for the plasma-
etched sample is only 1.6 times of that of the as-grown
sample. This value is obviously much smaller than the mea-
sured PL intensity enhancement factor, which indicates that
surface roughening is not the unique factor that contributes
to the enhancement of PL intensity. The dominant PL en-
hancement factor observed in plasma-etched samples should
be the result of the microstructure changes involved in
plasma etching process, such as Ar+ ions tunneling into QW
structures.

To analyze microstructure changes in the plasma-etched
MQWs, SIMS characterizations were performed. It is known
that for different atoms the sputtering productivity of SIMS
is different and the ionization rates are different as well.
Here, we use arbitrary unit to present the intensity of SIMS
of the as grown and plasma-etched MQW samples. Figure
4�a� plots the concentration distribution profiles for In, P, As,
and H of the as grown sample. Ar signal was not detectable
in the as grown sample. Figure 4�b� plots the concentration
distribution profiles for In, P, As, H and Ar of the plasma-
etched sample. The modulations on In, P, and As profiles in a
depth range of 500–3500 Å reflect the composition varia-

FIG. 4. SIMS measurements of InAs0.45P0.55 / InGa0.32As0.45P0.55 MQWs: �a�
as-grown sample; �b� plasma-etched 45 nm sample.
tions in InAs0.45P0.55 / In0.68Ga0.32As0.45P0.55 MQWs. The
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222 Cao et al.: Luminescence enhancement of plasma-etched InAsP/InGaAsP QWs 222
noisy signals at around the sample surfaces �0–500 Å� is
due to adsorbed gas disturbing to SIMS equipment, which is
commonly observed in SIMS measurements. By comparison
of the SIMS results, it can be seen that the concentration
profiles of In, P, and As ions in the plasma-etched and as-
grown samples keep almost unchanged, i.e., the intensities of
In, P are 
12 000 and the intensities of As are 
1000, re-
spectively. However, it can be seen in Fig. 4�b� that the mea-
sured profiles of In, P, and H ions in the plasma-etched
sample demonstrate more significant decay characteristics
from the sample surface than the as grown sample. This in-
dicates the surface of the plasma-etched sample could be
more prone to adsorb gases in air ambience, such as mois-
ture, O2, H2, N2, etc. It can be expected that the SIMS data
measured inside the samples are more reliable. H ion levels
in both the plasma-etched and as-grown samples are very
low. In the as-grown sample, the average level of H is 
40
and after plasma etching H level is increased to 
100. The
double enhancement of H level in the plasma-etched sample
could be attributed to the two factors. One is more gas ad-
sorption on the surface of the plasma-etched sample, such as
moisture and H2. The other factor may be the introduction of
H in the plasma-etching process though in our plasma-
etching experiments only Cl2 /Ar gases were used. However,
the double enhancement of H level in the plasma-etched
sample is much lower than the enhancement of Ar+ ions
shown in Fig. 4�b�. It is interesting to note that the detected
Ar+ ions level in the plasma-etched MQW layers is very high
�	3000�, while in the as-grown sample, Ar+ ions signal has
not been detected by SIMS. We noted that in the plasma
etching of the InAs0.45P0.55 / In0.68Ga0.32As0.45P0.55 QW
samples Ar+ gas was used as bombardment particles and Ar+

ions tunneled into the samples.13 Ar+ ions penetration into
the samples is possibly the main reason of the PL enhance-
ment observed in InAs0.45P0.55 / In0.68Ga0.32As0.45P0.55 QW
structures.

We also noticed that in the plasma etching of the
InAs0.45P0.55 / In0.68Ga0.32As0.45P0.55 QW samples Cl2 gas was
used as well. It is known that Cl only carries away the etch-
ing remnants during plasma etching. The contribution of Cl
to the PL enhancement can be excluded because our further
experimental result showed that a similar quantity of PL en-
hancement was realized even when the plasma etching was
performed without Cl2, i.e., bombarding the surface of the
MQW structure with Ar+ ions only also leads to the photo-
luminescence enhancement �approximately four times�. It
was reported that hydrogenation �H� could enhance the car-
rier lifetime and PL efficiency of QWs when the H concen-
tration reaches 1015 ions /cm2.14 However, in our GSMBE
growth of the InAs0.45P0.55 / In0.68Ga0.32As0.45P0.55 QW struc-
tures, the concentration of H in the epitaxial layers is too low
to reach this level. SIMS results shown in Fig. 4 confirmed
the low H level in our samples.

From Fig. 4�b�, we can see a high level of Ar+ ions in the
plasma-etched samples, and the Ar+ ions residing in the
sample exhibiting an exponential decay from the surface to

the substrate. In the plasma-etching �or ICP� process, most
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Ar+ ions are stopped at a few tens of nanometers below the
sample surface when low ICP power is used and etching
depth is small �a few tens of nanometers�. The physical col-
lision between Ar+ ions and the lattice in the cap layer gen-
erates many physical defects around the surface region.
However, high-energy Ar+ ions can tunnel along the low-
index crystal direction and penetrate deep into the sample.13

On one hand, the tunneling process of Ar+ ions could anni-
hilate the grown-in defects that reside at interfaces between
the barrier and well due to lattice-mismatched strain, and
thus enhance the luminescence intensity.7 On the other hand,
some Ar+ ions that tunnel along the low-index direction may
substitute the lattice position of As or P in the InAsP well
layer. The difference in the electronegativity between the Ar
atoms and the group V atoms and the hydrostatic deforma-
tion of the lattice around the Ar sites will introduce a short-
range potential. This potential allows the Ar+ to capture an
electron. The trapped electron can then bind a hole by Cou-
lomb attraction, thus forming a bound exciton. The recombi-
nation of the bound exciton will contribute to the enhance-
ment of PL emission in the quantum wells.15

However, as shown in the inset of Fig. 1, when the etch-
ing depth increases further �	50 nm� PL intensity exhibits a
rapid decrease. Our further plasma-etching experiments indi-
cate that as the etching process continues, increasingly more
Ar+ ions tunnel into the QWs, leading to the increase of
density of Ar+ ions in the QWs. These accumulated high-
density Ar+ ions form defects that are nonradiative recombi-
nation centers, and lead to the rapid decrease of photolumi-
nescence intensity. In addition, an increased density of Ar+

ions may also cause the disordering of the wells, which low-
ers the PL intensity and results in a blueshift of PL emission.

IV. CONCLUSION

Significant PL enhancement is observed of the
InAs0.45P0.55 / In0.68Ga0.32As0.45P0.55 SQW and MQWs after
the plasma-etching process. AFM and SIMS characteriza-
tions demonstrate that the PL enhancement resulted from the
microstructure change caused by Ar+ ions tunneling into
QWs and surface roughening caused by the bombardment of
Ar+ ions onto the sample surface. The combination of plasma
etching and selectively wet etching the cap layer of the
InAs0.45P0.55 / In0.68Ga0.32As0.45P0.55 SQW revealed that the
PL enhancement factors from microstructure changes and
surface roughing are 1.8 and 1.5 times, respectively. The
luminescence enhancement phenomenon by Ar+ ions bom-
bardment can be used to fabricate high-power photon-
emission devices.
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