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We discuss the effect of ArF (λlaser=193 nm) and KrF (λlaser=248 nm) excimer laser irradiation of 
InP/InGaAs/InGaAsP quantum well (QW) microstructures on surface morphology of the top InP 
layer. The irradiation was carried out in air with lasers delivering up to 700 pulses of fluence from 
82 to 142 mJ/cm2. We observe the formation of nano-cone structures having their period increasing 
from 450 to 1080 nm for KrF laser, and from 675 to 875 nm for ArF laser, in proportion to the laser 
fluence and pulse number. The chemical and structural modification of the laser irradiated surface 
has resulted in the enhancement of the QW photoluminescence emission up to 1.4 times when 
compared to the non-processed material. Thus, the excimer laser processing of the surface of InP 
capped InGaAs/InGaAsP QW microstructures using relatively low pulse fluence, has been found 
attractive for the fabrication of enhanced optical emission semiconductor devices.  

Keywords: InP/InGaAs/InGaAsP quantum well microstructures, excimer laser irradiation, surface 
morphology, nano-structure formation, atomic force microscopy, photoluminescence 

1. Introduction 
Laser processing of semiconductor materials has attracted 
continuous interest due to its potential in delivering 
microfabrication solutions of interest for advanced 
photonic and electronic devices. Due to the relatively low 
thermal and chemical stability of III-V compound 
semiconductors, laser irradiation at a relatively moderate 
pulse fluence can alter the surface morphological, chemical 
and physical properties of these materials  [1]. For instance, 
the formation of nano-cone arrays was observed on the 
surface of InGaAs cap of the InGaAs/InGaAsP/InP 
quantum well (QW) microstructure irradiated with an 
excimer laser  [2]. Following the annealing in a rapid 
thermal annealing (RTA) furnace, the laser irradiated sites 
exhibited an enhanced photoluminescence (PL) emission 
from InGaAs QWs. The sub-micrometer surface features 
have also been observed on the surface of bulk InP [3] and 
diamond-like films [4] irradiated with femtosecond (fs) 
lasers, which illustrates that the formation of surface 
nanostructures does not require a strong thermal 
component typical of nanosecond lasers [5]. It has also 
been reported that the irradiation of bulk InP with a low 
fluence (F ≈ 80 mJ/cm2) of a nanosecond UV laser (λ = 337 
nm) leads to the formation of mounds and increased 
surface roughness of this material in proportion to the 
number of irradiating laser pulses [6]. 

Excimer lasers offer wafer level processing and these 
tools have been successfully applied by the 
microelectronics industry for sub-micrometer resolution 
photolithography. We have been investigating the 
application of 308 [2], 248  [7] and 193 nm  [8] excimers 
for surface modification and bandgap engineering of III-V 
quantum semiconductors. This approach is attractive for 

processing of large size wafers, often in a single step, and 
without the need of using photolithography masks. 
Depending on the laser used, the investigated 
microstructure and the irradiation environment both 
enhanced quantum well intermixing (QWI), leading to blue 
shifting (shorter wavelength emission of the QW 
microstructure)  [8], and, as well, suppressed QWI  
processes have been reported in [9]. The surface 
morphology of intermixed QW microstructures affects their 
photoluminescence (PL) and other optical properties  [10]. 
For instance, it is known that inductively coupled argon 
plasma processing yields QWI material with decreased PL 
intensity  [11]. Typically, excimer laser-induced surface 
modification of InP-capped QW microstructures results in 
the preferential loss of P atoms  [8] and generation of 
different surface defects that promote the QWI process 
during the RTA step. Thus, it is of paramount importance 
to investigate both the morphology and chemical 
composition of altered III-V semiconductor surfaces as a 
function of laser parameters, such as pulse fluence and 
pulse number. 

We have reported that the maximum band gap blue shift 
of the InP/InGaAs/InGaAsP microstructure irradiated in air 
with KrF  [12] and ArF  [8] lasers takes place for a 
relatively small number of pulses (N < 100) and low pulse 
fluence (F < 124 mJ/cm2). In this paper, we investigate 
surface morphology of such microstructures irradiated in 
air with up to 700 pulses of KrF and ArF excimer lasers 
delivering pulse fluence in the range of 95 to 142 mJ/cm2.  

 
2. Experimental details 

A schematic cross-section of the InP/InGaAs/InGaAsP 
QW microstructure used in this experiment is shown in 
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Fig.1. The microstructure was deposited on an S-doped InP 
substrate covered with a 1400 nm thick InP buffer. The 
active region, consisting of five 5.5-nm-thick InGaAs QWs 
separated by four 12 nm thick InGaAsP barriers, was 
designed to emit at 1.55 μm at room temperature. The 
active region was confined by two 142-nm-thick graded 
bandgap InGaAsP microstructures. The top cladding InP 
layer was separated by a 10-nm-thick InGaAsP etch stop 
layer. A 100 nm thick InGaAs contact layer on top of the 
microstructure was separated from the InP cladding layer 
by a second 50-nm-thick InGaAsP etch stop layer. The 
whole microstructure was covered with a 400-nm-thick 
undoped InP sacrificial layer.  

 

 
Fig. 1 Schematic cross-section of the investigated 

InP/InGaAs/InGaAsP microstructures. 
 

A series of 5 mm x 5 mm samples was obtained by, 
first, cleaving the QW wafer and, second, cleaning them 
with standard solvents. The samples were then irradiated 
with ArF and KrF lasers delivering ~16 ns pulses of 
fluence in the range of 82-95 mJ/cm2 and 109-142 mJ/cm2, 
respectively. The absorption depth in InP is about 8 and 5 
nm for ArF (α=1.3x106/cm) and KrF (α=1.8x106/cm) laser, 
respectively  [13]. The ablation threshold of bulk InP is 
~100 mJ/cm2  [14] and ~140 mJ/cm2  [15] for ArF and KrF 
laser, respectively. A double micro-lens fly-eye-array 
homogenized laser beam was used to project 0.9 and 1.4 
mm diameter circular diaphragms on the sample surface 
using ArF and KrF lasers, respectively. A computer 
controlled X-Y-Z-Theta sample positioning allowed to 
process the investigated samples at numerous sites. The 
laser irradiation was carried out in an ambient air 
environment. 

Room temperature PL measurements were carried out 
with a commercial mapper (Philips PLM-150). An 
Nd:YAG laser was used to excite the sample while the 
luminescence was dispersed by a monochromator and 
detected by an InGaAs photodiode array. The PL maps 
were obtained based on the QW (InGaAs) electron-hole 
recombination peak (λ ≈ 1550 nm). 

A Nikon microscope (Eclipse LV100) was used to 
collect optical images of the laser irradiated sites on the cap 
layer of the InP material. The sample surface morphology 
was also investigated with an atomic force microscope 
(AFM, Digital Instruments Nanoscope III) operating in a 
tapping mode. An etched single-crystal silicon tip with a 
rectangular, single beam cantilever (TESP from Digital 

Instruments) was used for collecting AFM images. TESP 
tip radius is around 5-20 nm, the cantilever spring constant 
is 20-100 N/m and the resonance frequency is around 200-
400 kHz. The tapping mode images were collected at a 
scan rate of 1.97 Hz for 5 μm x 5 μm region, with 512 
points per line. High accuracy measurements of surface 
roughness were carried out with a similar set of parameters 
as reported in the literature  [16]. 

A commercial profiler (Tencore Alphastep 200) was 
used to measure the ablation depth of laser irradiated sites. 

3. Results and discussion 

3.1 KrF laser irradiation of InP/InGaAs/InGaAsP 
microstructures 

An optical microscope image of a ~ 1400 µm diameter 
site obtained by the irradiation with 400 pulses of a KrF 
laser at 142 mJ/cm2 is shown in Fig. 2. The presence of a 
darker region, of a diameter about 780 µm, can be seen in 
the center of the laser irradiated site. A closer inspection 
revealed that the whole surface of the laser irradiated site is 
covered with regularly organized nano-cone arrays, while 
in the central region (Fig. 2b) the nanostructure height is 
found greater and their periodicity shorter in comparison to 
the edge region (Fig. 2c).  

 
Fig. 2 Optical micrograph of the surface of an 

InP/InGaAs/InGaAsP microstructure irradiated with 400 pulses of 
a KrF laser at 142 mJ/cm2 (a), along with high magnification 

images of the central (b) and edge (c) regions. 
 

Fig. 3 shows an AFM micrograph of a site irradiated 
with the KrF laser at 142 mJ/cm2 with 400 pulses. An array 
of nano-cones is clearly observed in this figure. As 
indicated by cross-section scans, the nano-cones are denser 
and taller in the central region (a) in comparison to the 
edge region (b). The average period of the nano-cones in 
the central region is 870 nm, which compares to that of the 
edge region of 1320 nm. The average height of the nano-
cone structures decreases from 188 nm in the central region 
to 141 nm in the edge region.  

Fig. 4 compares optical microscopic images of sites 
irradiated with 100, 400 and 700 pulses of the KrF laser at 
fluence of 109 mJ/cm2 (left panel) and 142 mJ/cm2 (right 
panel). The central dark region is clearly observed in all 
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cases, increasing in its intensity with both the pulse number 
and fluence.  

More details concerning these microstructures can be 
observed in Fig. 5 that presents the AFM data.  The site 
irradiated with 100 pulses of the KrF laser at 109 mJ/cm2 
(Fig. 5a) shows some evidence of surface roughening, but 
no obvious nano-cone structures.  However, irradiation 
with the same number of pulses at 142 mJ/cm2 leads to the 
formation of nano-cones, approximately 250 nm wide and 
up to 90 nm tall (Fig. 5b).  The nano-cones increase in 
height and diameter with increasing pulse fluence and 
number, as evidenced in Figs. 5c-f. 
 

 
Fig. 3 AFM images of the central (a) and the edge (b) regions of a 

site irradiated with 400 pulses of the KrF laser at 142 
mJ/cm2.

 
Fig. 4 Microscopic images of KrF laser irradiated sites at 

109 mJ/cm2 (left panel) and 142 mJ/cm2 (right panel) with 100, 
400 and 700 pulses. 

 
Fig. 6 shows the average height (a), size (b) and period 

(c) of the self-organized nano-cone structures observed in 
this experiment. The amplitude of these parameters 
increases with the pulse number and fluence, and saturates 
at 600 pulses. Nano-cones with a maximum average height 
of 274 nm have been observed, which demonstrates that 

some material of the InP cap layer has been ablated with 
the laser (from the initial 400 nm thickness).  

 Fig. 5 AFM images and profiles along indicated lines in the 
central region the KrF laser irradiated sites at 109 mJ/cm2 (left 

panel) and 142 mJ/cm2 (right panel). 
 
It has been reported that preferential removal of P takes 
place from InP at high temperatures due to the significantly 
higher vapor pressure of that element in comparison to In  
[15]. Our X-ray photoelectron spectroscopy (XPS) results 
of an excimer laser irradiated InP/InGaAs/InGaAsP 
microstructure in air showed that In/P ratio increases with 
the pulse number  [17], which is also associated with the 
formation of indium oxide as reported in literature  [18]. 
The laser formed layer of indium oxide is under significant 
stress due to lattice mismatch with the InP layer. The stress 
accumulates on the sample surface as the number of laser 
pulses increases. The release of this mechanical stress, and 
related plastic deformation, are likely responsible for the 
formation of  nano-cone structures through the modified 
Stranski- Krastanov growth [19]. Additionally, the surface 
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temperature and the deformation strain are expected to 
increase with the laser fluence  [20]. Thus, nano-  

Fig. 6 Average height (a), size (b) and period (c) of self-organized 
nanostructures vs. pulse number of the KrF laser operating at 109 

mJ/cm2, 124 mJ/cm2 and 142 mJ/cm2. 
 
cone structure size, height and period increase with laser 
fluence and pulse number. The saturation behavior of these 
nano-cone structures growth at large pulse number (≥600) 
indicates that the strain generated by the laser is relieved 
after a certain level of surface modification and material 
removal [6]. The quantitative description of the mechanism 
responsible for the formation of nano-cone structures and 
especially the formation of the zones of different density 
nano-cones observed within same laser irradiated sites 
requires a dedicating modeling. It is possible that formation 
of distinctly different zones of nano-cone structures is due 
to the intensity modulation of a coherent image of the mask 
projected through an aperture of the objective  [21]. The 

effect observed in Fig. 4 (left panel, bottom image), where 
several concentred zones of different density material can 
clearly be seen, seems to support this hypothesis. 
Alternatively, a strong temperature gradient at the edge of 
the site, resulting from the diffraction on the mask, could 
contribute to the radial mass transfer – an effect that 
deserves further investigation. 

 
Fig. 7 PL peak intensity map and profile of the KrF laser 

irradiated spots with 400 pulses at 109 mJ/cm2 (a) and 142 
mJ/cm2 (b). 

 
Fig. 7 shows the PL peak intensity map of the KrF laser 

irradiated spots with 400 pulses at 109 mJ/cm2 (a) and 142 
mJ/cm2 (b). The PL intensity has been expressed in 
calibrated units (CU) that refer to the intensity obtained 
after subtracting the background signal. The corresponding 
PL intensity profiles show that the PL intensity is 
significantly enhanced in the center of the irradiated sites, 
coinciding with the presence of the 130 and 180 nm tall 
nano-cone structures as seen in Fig. 6.  The central region 
of the 109 mJ/cm2 irradiated site (Fig. 7a) emits a PL signal 
about 2 times stronger than the edge region of that site. 
This difference is reduced to about 1.5 times for the 142 
mJ/cm2 irradiated site (Fig. 7b), although the maximum PL 
intensity in that case appears to be 10% greater than in Fig. 
7a. The likely role of the nano-cone structures in enhancing 
the PL signal is related to the reduced reflection of the 
incident light (1064 nm) and, consequently, an enhanced 
laser pumping efficiency of the InP/InGaAs/InGaAsP 
microstructure. An increased light extraction efficiency has 
been reported for GaN-based light-emitting diodes (LEDs) 
with cone-shape surfaces [22]. The light output from 
InGaN/GaN LEDs with an KrF laser fabricated nano-cone 
surface structure has been reported to increase by 1.55 
times in comparison to the conventionally fabricated LEDs  
[23]. Fig. 8 shows normalized PL intensities of the central 
region vs. the non-irradiated material for KrF laser 
operating at 109, 124 and 142 mJ/cm2. Initially, the PL 
intensity decreases, primarily due to  the laser induced 
structural and chemical surface damage  [24]. This 
coincides with no obvious nano-cone structures formation 
at sites irradiated with low pulse laser numbers (N ≤ 100). 
However, the PL intensity increases for N > 300, i.e., for 
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the samples with nano-cone microstructures as summarized 
in Fig. 6. The PL intensity variation with different laser 
fluences at the same pulse numbers is due to the different 
average height, size and period of the created self-
organized nano-cone structures. With 124 mJ/cm2 and 142 
mJ/cm2, when N ≥ 400, the PL intensity is greater than that 
in the non-irradiated material. The same results have been 
observed for the 109 mJ/cm2 irradiated sites with N ≥ 500.  
This is obviously related to the nano-cones formation 
because the average height (181 nm), size (670 nm) and 
period (870 nm) of these structures at 500 pulses has 
increased to the values corresponding to the sites irradiated 
with 400 pulses at 142 mJ/cm2 and 124 mJ/cm2.  The 
maximum normalized PL intensity enhancement factor of 
around 1.35 is observed for pulse number N ≥ 600. The 
inset in Fig. 8 shows PL spectra observed from the as-
grown QW microstructure and central region of the sites 
irradiated with 400 pulses at 109 and 142 mJ/cm2 and 700 
pulses at 142 mJ/cm2.  
 

 
Fig. 8 Normalized PL intensity of the site central region vs. pulse 

number when irradiated with the KrF laser at 109 mJ/cm2, 
124 mJ/cm2 and 142 mJ/cm2. The inset shows PL spectra 

observed from the as-grown QW microstructure and the central 
region of the laser irradiated sites. 

 

3.2 ArF laser irradiation of InP/InGaAs/InGaAsP 
microstructures 

Similar surface morphology of the InP cap layer was 
observed following irradiation with the ArF laser. The 
‘darker’ central and ‘lighter’ edge regions with different 
density and size of the nano-cone structures were observed 
by an optical microscope and AFM. Fig. 9 shows an AFM 
image and line profile of the central region of the ArF laser 
irradiated spots with 400 (a) and 700 (b) pulses at 95 
mJ/cm2. The average height, size and period of nano-cone 
structures are larger in the 700 pulses irradiates sites than 
with 400 pulses. Figure 10 summarizes the average height, 
size (diameter) and period of nano-cone structures (a) along 
with the normalized PL intensity (b) in the central region of 
ArF laser irradiated sites as a function of pulse number at 
95 mJ/cm2. It can be seen that the average size and period 
of nano-cone structures increase with the pulse number and 
saturate at 600 pulses, while the average height continues 
increasing up to 700 pulses. The average size and period of 

these nano-cones are smaller than those corresponding to 
the sites irradiated with the KrF laser. We did not identify 
any visible nano-cone structures at sites irradiated with the 
low number of pulses (N ≤ 200) of the ArF laser. Related 
to this is the absence of an enhanced PL. As illustrated in 
Fig. 10 (b), the PL signal decays rapidly with pulse number,  

 

 
Fig. 9 AFM images and profiles along indicated lines of the 

central region of the ArF laser sites irradiated at 95 mJ/cm2 with 
(a) 400 pulses and (b) 700 pulses. 

 
 
 

 
Fig. 10 Average size, period and height of the nano-cone 

structures (a) and normalized PL intensity (b) in the central region 
of the ArF laser irradiated sites at 95 mJ/cm2. 



 
JLMN-Journal of Laser Micro/Nanoengineering Vol. 7, No. 2, 2012 

 

135 

indicating that significant surface damage occurs in this 
case. An inset in Fig. 10 (b) shows an AFM image of the 
InP surface after it was irradiated with 200 pulses. 
Randomly distributed nanoparticles of maximum height 
nearing 40 nm can clearly be seen in the image. The σRMS 
roughness  [12] of that sample was estimated at 7.5 nm, 
which compares to σRMS ≈ 0.9 nm for the surface of a non-
processed sample. A qualitatively similar surface 
morphology and reduced PL intensity has also been 
observed for the site irradiated with 100 pulses of a KrF 
laser operating at 109 mJ/cm2 (see Fig. 5a). An increasing 
PL intensity with increasing pulse number is observed in 
the 300 ≤ N ≤ 700 range. The PL intensity of the 600-pulse 
irradiated site is about 25% greater than that on a non-
irradiated site. This is related to the ArF laser-induced 
formation of nano-cone structures, as illustrated in Fig. 9. 
The average height, diameter and periodicity of the 600-
pulse created nano-cones are 188, 837 and 874 nm, 
respectively. These results are comparable to those 
obtained with the KrF laser at 400 pulses and fluence of 
142 mJ/cm2. No formation of nano-cone structures was 
observed for the ArF laser operating at 82 mJ/cm2, even up 
to 700 pulses. 

3.3 KrF and ArF laser irradiation of bulk InP 
wafer 

We have also irradiated bulk InP material with KrF and 
ArF laser using the same laser fluence and pulse number 
conditions as applied on InP/InGaAs/InGaAsP 
microstructures. Fig. 11 shows AFM images of a bulk InP 
sample irradiated with 400 and 700 pulses of the KrF laser 
at 142 mJ/cm2. No obvious nano-cone structure is present 
in this case. Instead, a randomly formed pattern of 
nanoparticles is observed. These nanoparticles are 
approximately 160 nm wide and their average height is 
around 10 and 20 nm for the 400- and 700-pulse irradiated 
spots, respectively. Similar surface morphology was also 
observed during KrF laser assisted etching of bulk InP in 
Cl2 environment at 40 mJ/cm2 with 600 pulses  [20], 
although an even smoother surface of InP was reported in 
the XeCl excimer laser etching experiment of InP at 55 
mJ/cm2 with 2000 pulses in a Cl2/H2 environment [25]. No 
measurable changes to the surface morphology of bulk InP 
samples was observed following their irradiation with the 
KrF laser at 124 mJ/cm2 and 109 mJ/cm2. This suggests 
that the ablation threshold of bulk InP irradiated in air with 
~ 16 ns pulses at 248 nm is greater than 124 mJ/cm2. For 
the ArF laser irradiated bulk InP, no evidence of material 
ablation was found for the pulse fluence of 95 mJ/cm2 and 
up to 700 pulses. These differences in the observed ability 
of both ArF and KrF excimer lasers to modify the surface 
of the InP epi-layer interfaced with InGaAs/InGaAsP QW 
microstructure and that of the bulk InP material are related 
to different optical properties of these materials, as well as 
to different temperature profiles and heat dissipation 
processes in bulk InP and epi-layer microstructures.   

We note that the formation of the nano-cone structures 
observed in this experiment has been obtained with the ArF 
and KrF lasers operating above the fluence and pulse 
number used for the formation of the QWI material. 
Therefore, these nano-cone structures, while contributing to 

the enhanced PL emission from the InP/InGaAs/InGaAsP 
QW heterostructures, do not perturb the QWI process.  

 

 
Fig. 11 AFM image of bulk InP irradiated with 400 (a) and 700 

(b) pulses of the KrF laser operating at 142 mJ/cm2. 
 

4. Conclusion 
Laser-induced formation of self-organized nano-cone 

arrays has been observed in InP/InGaAs/InGaAsP 
microstructures irradiated with KrF and ArF lasers at pulse 
fluence of 95 - 142 mJ/cm2 and pulse number from 100 to 
700. The average size, height and period of these nano-
cone structures increase with laser fluence and pulse 
number and saturates at larger pulse numbers (N ≥ 600). 
No such surface structures have been observed in bulk InP 
irradiated with lasers under similar conditions. An 
enhanced QW PL emission has been observed from 
samples showing nano-cone structures, in proportion to 
their size and period. The maximum enhancement of ~ 1.4x 
has been observed for samples irradiated with KrF laser. 
The formation of relatively weaker developed nano-cones 
in samples irradiated with the ArF laser is likely related to 
the weaker absorption of the 193 nm radiation in 
comparison to the 248 nm radiation by the investigated InP 
epi-film.  
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