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We conducted the study on the growth of rough-surface p-GaN layers on InGaN/GaN 

multiple-quantum-well (MQW) structures by metalorganic chemical vapor deposition 

(MOCVD).  It was found that the sum of InGaN well thickness twell_total was a predominant 

factor to form the rough surface, in addition to the growth temperature as low as 800°C for the 

p-GaN layers.  Microstructure analyses revealed that the rough surfaces consisted of a certain 

number of hexagonal V-shaped pits starting from dislocations propagated through an under 

layer and they increased with the increased twell_total.  It was confirmed that the light absorption 

was enlarged for MQW structure samples with rough-surface p-GaN layers on the top, owing 

to not only the thickness effect in MQWs but also their reduced light reflection on the surfaces.  

It was also confirmed that these optical properties contributed to the performance improvement 

in InGaN/GaN MQW solar cells. 
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1. Introduction 

In addition to visible and ultraviolet light-emitting devices, InGaN alloys have recently 

been viewed as a promising candidate for solar cell materials, owing to their nontoxicity and 

the direct-transition and variable bandgaps [1-15].  The InGaN-based solar cells are expected 

to exhibit energy conversion efficiencies (ECE) larger than 50% by forming multijunction 

tandem cells similar to other III-V compound semiconductor solar cells [16].  However, it is 

known to be difficult to grow thick InGaN layers with sufficient crystal quality owing to their 

thermodynamic instability [17-20].  Until now, therefore, for realizing the InGaN-based solar 

cells, many researchers have focused on multiple-quantum-well (MQW) structures containing 

a number of thin InGaN well layers [6-15].  This is because the MQW structures can 

pseudomorphically realize the thick InGaN layers with less difficulty during the material 

growth.  Recently, Wu et al have reported that a rough-surface p-GaN layer can be grown at a 

temperature as low as approximately 800°C on an InGaN/GaN MQW structure by metalorganic 

chemical vapor deposition (MOCVD) [21].  When it comes to light-emitting diodes (LEDs), 

it has also been reported that the light extraction efficiency was improved by employing the as-

grown rough-surface p-GaN layer on the top [21-23].  In the same way as LEDs, if the 

electrical characteristics were not impaired, it could be considered that the top p-GaN layers 

with a rough surface improve the solar cell performance because they can increase the light 

absorption by reducing the light reflection of the device surfaces.  Up to now, however, there 

have been only a few reports focusing on the application of as-grown rough surfaces to the 

InGaN-based solar cells [3-4].  Moreover, details on conditions for forming the rough surfaces 

have not been clarified.  To control over the surface morphology of as-grown films, it must be 

important to figure out the effective factors in the material growth and stacking structures.  In 

this study, therefore, to consider the application of MOCVD-grown rough-surface p-GaN layers 

to InGaN/GaN MQW solar cells, their underlying MQW structures and growth conditions were 
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investigated.  Then, to understand the mechanism of the rough surface formation, 

microstructure observation was carried out.  Finally, the effect of the rough surfaces on solar 

cell performance was studied and discussed.  

 

2．Experimental 

Figure 1 shows a schematic of the InGaN/GaN MQW solar cell employed in this study.  

The solar cell structures were grown on c-face sapphire substrates using a horizontal MOCVD 

system.  Here, trimethylgallium (TMG) and trimethylindium (TMI) were used as group-III 

sources, and NH3, SiH4 and Cp2Mg were used for a nitrogen source, n-type and p-type dopant 

sources, respectively.  As for the MOCVD growth, the substrates were first treated in H2 flow 

at 1180°C, and the temperature was then reduced to 500°C for the growth of a 30-nm-thick 

GaN low-temperature buffer layer.  Then, after the growth of a 3-µm-thick n-type GaN 

contact layer with a Si concentration of approximately 3 × 1018/cm3 at 1160°C, the temperature 

was reduced again to 800°C for the growth of an InGaN/GaN MQW structures and a p-type 

contact layer.  In this study, the InGaN/GaN MQW structures and the growth conditions for 

the top p-GaN layers were treated as experimental variables.  The MQW structures were 

characterized using cross-sectional transmission electron microscopy (TEM) and high-

resolution X-ray diffraction (HR-XRD) analyses, in the same way as in our previous study 

[24].  The structural characterization confirmed that the indium contents x in the InxGa1-xN 

well layers were within 0.10 ± 0.02 and the thickness fluctuation of the InGaN well and GaN 

barrier layers were within ± 0.6 nm for all samples.  The top p-GaN layers were grown by 

estimating a constant layer thickness of approximately 200 nm from their growth rate.  The 

surface morphology and cross-sectional microstructure were analyzed using the atomic force 

microscope (AFM) and cross-sectional TEM observations, respectively.  The light reflection 

and transmission spectra were obtained using a UV-visible/NIR spectrophotometer (Hitachi 
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High-Tech Science, UH4150), from which the light absorption spectra were also derived. 

Solar cell devices with a light-receiving area of 1 × 1 mm2 were fabricated using the 

conventional photolithographic lift-off method.  Here, n-type contact regions were first etched 

down by BCl3 plasma reactive ion etching.  Next, samples were annealed at 600°C in a 

nitrogen atmosphere for 25 min to activate the Mg acceptors.  Then, n-type contact metals 

were formed by the electron beam (EB) evaporation of Ti/Al/Ni/Au (15/60/12/60 nm), which 

were subsequently annealed at 700°C in a nitrogen atmosphere for 30 s.  Then, a Ni/Au (5/60 

nm) finger-shaped pattern was formed on the p-GaN surface by EB evaporation.  Subse-

quently, samples were subjected to an annealing process at 600°C in an oxygen atmosphere for 

5 min to obtain p-type ohmic contacts.  Then, the Al2O3 film was deposited at 300°C and 0.35 

Pa using a Cambridge Nano-tech atomic layer deposition (ALD) system with H2O and O3 as 

oxygen precursors and trimethyl aluminum as an aluminum precursor [25].  Finally, pad 

electrode patterns were formed by the EB evaporation of Ni/Au (5/60 nm) on the p- and n-type 

contact metals via through holes of the Al2O3 film.  The EQE of the fabricated solar cells was 

evaluated using a spectral response measurement system (Bunkokeiki Co., Ltd.).  The ECE 

and other solar cell properties were evaluated by current–voltage (I–V) measurements under an 

illumination of a 1-sun-power-density (100 mW/cm2) artificial solar light with a standard air-

mass 1.5 global (AM1.5G) spectrum. 

 

3. Results and discussion 

3.1. Influence of InGaN/GaN MQW structures on the top p-GaN surface roughness 

Table I summarizes the relationship between the InGaN/GaN MQW structures and the 

measured route mean square (RMS) roughness of the top p-GaN layers, where the p-GaN 

layers were grown to have a Mg concentration of 5 × 1019/cm3 under constant conditions with 

an input V/III gas ratio of approximately 2,570 and a TMG flow rate of 69.3 μmol/min.  
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Using these data, we attempted to analyze the influence of the MQW structures on the top p-

GaN surface morphology.  Figure 2(a) reorganizes the data by focusing the whole MQW 

thickness tMQW_total, which is the sum of the well and barrier layer thicknesses.  As obvious in 

this figure, the RMS surface roughness abruptly increased at the tMQW_total of around 200 nm 

and then it almost saturated at an RMS roughness of around 75 nm.  On the other hand, 

Figures 2(b) shows the twell_total dependence of the RMS roughness.  Overall, the result 

indicates a tendency that the RMS surface roughness increased with the increase in twell_total.  

This means that the RMS roughness increases depending on the thickness or the number of the 

InGaN well layers.  As a result, the tMQW_total or the twell_total seemed to be predominant factors 

influencing the top p-GaN surface morphologies. 

Figures 2(a) and 2(b) also show bird's-eye-view AFM images for typical samples A, B, 

and C.  From the AFM images, it was observed that the top p-GaN layers have flat areas and 

some hexagonal V-shaped pits on their surfaces, especially when the RMS roughness is as 

small as in samples A or B.  In contrast to this, when the RMS roughness increased as seen 

in sample C, the number and/or the area occupancy of the V-pits obviously increased and then 

the flat areas remarkably disappeared.  To understand how the V-pits was formed on the 

surfaces, TEM analyses were carried out.  Figures 3(a), 3(b) and 3(c) show cross sectional 

dark field TEM images for samples A, B, and C taken with a g-vector parallel to [112̅0] 

direction, in which the pure edge and edge/screw-mixed dislocations are accentuated.  In 

these figures, the corresponding surface AFM images shown in Figure 2 are also inserted as a 

help in understanding.  As Figure 3(a) shows, when the twell_total is small, the V-pits generate 

from the endpoints of threading dislocations propagated through the n-GaN layer at around a 

boundary between the InGaN/GaN MQWs and top p-GaN layers.  This seems to be 

consistent with the general tendency for the surface V-pits often seen in many III-nitride 

heterostructures.  When the twell_total increased, as seen in Figure 3(b) and 3(c), the origination 
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points of the V-pits obviously penetrate down into the MQWs.  Further, as seen in Figure 

3(c), it was observed that some V-pits starting from the same origination points form a 

pyramidal surface.  Generally, the progress of the lateral growth in nitride crystals strongly 

depends on the growth temperature.  Thus, we consider that the lateral growth of the top p-

GaN layers did not progress to cover the hexagonal V-pits, vestiges of the threading 

dislocations, owing to their low growth temperature.   

 

3.2. Influence of p-GaN growth conditions on their surfaces 

It seems natural to consider that the lateral growth of the top p-GaN layers is an important 

factor influencing the formation of their rough surfaces.  Generally, the progress of the lateral 

growth in GaN films depends on the input V/III gas ratio as well as the growth temperature.  

Furthermore, we consider the possibility that the Cp2Mg flow rate might influence on their 

surfaces as well.  Therefore, we investigated the effect of the input V/III gas ratio and Cp2Mg 

flow rate on the top p-GaN surface morphology.  For the former experiment, the input V/III 

gas ratio was varied from 1,280 to 10,300 by changing the TMG flow rate from 138.6 to 17.3 

μmol/min at a constant NH3 flow rate of 178,460 μmol/min, where the Cp2Mg flow rate was 

also changed in proportion to the TMG flow rate for achieving a constant Mg concentration of 

approximately 5 × 1019/cm3.  In the latter experiment investigating the influence of the Cp2Mg 

flow, its flow late was changed from 0 to 0.310 μmol/min under a constant TMG flow rate of 

69.3 μmol/min.  In the experiments of this section, the MQW structure was maintained at the 

same structure as sample C seen in the previous section.  Figures 4(a) and 4(b) show the 

variation of the RMS roughness of the p-GaN layers with the input V/III gas ratios and Cp2Mg 

flow rates, respectively.  The figures also show bird's-eye-view AFM images for typical 

samples.  As seen in Figure 4(a), the RMS surface roughness of the top p-GaN layers showed 

a decreasing tendency with the increase in the input V/III gas ratio.  At the same time, it was 
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also observed that the edge of the V-pits became smooth to some degree.  This is probably 

because the lateral growth of p-GaN layers was promoted by increasing the input V/III gas ratio.  

However, even a sample grown under the largest V/III gas ratio of over 10000 also showed an 

RMS surface roughness as large as over 30 nm.  On the other hand, from Figure 4(b), the RMS 

surface roughness of the top p-GaN layers showed somewhat a decreasing tendency with the 

decrease in the Cp2Mg flow rates.  Further, it was also observed that the edge of the V-pits 

became smooth to some degree.  These indicate that the lateral growth of p-GaN layers might 

have been influenced by the Cp2Mg flow rate to some degree.  However, even a sample grown 

without Cp2Mg flowing also showed a RMS surface roughness as large as approximately 40 

nm.  From these, it was concluded that the growth temperature of 800°C was low enough so 

as not able to form smooth GaN surfaces by covering the V-pits. 

 

3.3. Optical properties of rough-surface p-GaN layers and their application to InGaN/GaN 

MQW solar cells 

To consider the application of the rough surface p-GaN layers to soral cell devices, the 

light reflection and absorption spectra were measured for typical samples singled out of Table 

1: Sample A with a small RMS roughness, sample B with a middle RMS roughness, and sample 

C with a large RMS roughness.  The results are shown in Figures 5(a) and 5(b).  As seen in 

Figure 5(a), it was confirmed that the light absorption was reduced across a wide wavelength 

range with the increased surface roughness.  Further, Figure 5(b) shows that the light 

absorption in the wavelength range of 365 nm to 480 nm obviously increased when the surface 

roughness increased.  The light absorption in this range is attributed to the InGaN well layers, 

and therefore its increase seems to be largely due to the increase in twell_total.  In addition to this, 

we also speculate that the reduced light reflection with the rough surfaces largely contributed 

to the increase in the light absorption.  From figure 5(a), on the other hand, it was found that 
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the amplitude of the vibration ranging from 375nm to 500nm decreases with the increase in 

RMS roughness.  This indicates that the interference of light was weakened for the rough-

surface samples.  Here, the rough surface would have weakened the light reflected on the 

surface.  In addition, the interface quality or structural fluctuation in the MQW region might 

have been varied in relation to the surface roughness. 

The solar cell devices were fabricated using samples A, B, and C, and their EQE spectra 

and I–V characteristics were evaluated.  Figure 6 shows the EQE spectra for the fabricated 

solar cells.  For comparison, Figure 6 also plots the light absorption spectra shown in Figures 

5(a) as dashed lines.  From this, it is clear that the EQE curves are fairly close to their light 

absorption curves, especially in the wavelength range of 365 nm to 480 nm corresponding to 

the InGaN well layers.  This indicates high internal quantum efficiencies were achieved for 

those samples.  As a result, a high EQE value of over 80% was observed for sample C.  This 

is explained by not only the thickness effect of InGaN wells but also their reduced light 

reflection.  Figure 7 shows the typical I–V characteristics for solar cells fabricated using 

samples A, B, and C, which were measured under a 1-sun-intensity artificial solar light 

illumination with an AM1.5G spectrum.  Correspondingly, Table II summarizes the basic solar 

cell characteristics determined from the results shown in Figure 7, which includes the short 

circuit current density (ISC), open circuit voltage (VOC), fill factor (FF), and ECE.  Overall, the 

evaluation results indicate that ECE varied along with the variation of EQE.  This seems to be 

reasonable because the ISC of solar cells is commonly determined by EQE.  Here, we 

understand that EQE includes the effect of the light reflection reduced with the enlarged surface 

roughness, as discussed before.  From table II, it was also found that the FF tends to decrease 

with the increase in RMS surface roughness.  One thing is, the shunt resistance might was 

reduced for the rough-surface samples.  That is, the surface roughness might be related to the 

interface quality in the MQW structures including the p-GaN top layers.  However, it should 
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be noted that the fabricated solar cells did not show any deteriorated I–V characteristics even 

for sample C with the largest RMS roughness.  This implies that the rough-surface p-GaN did 

not affect the diode characteristics so much.  As a result, sample C with the largest twell_total 

exhibited the highest ECE of approximately 1.3% in this study. 

 

4. conclusion 

To consider the application of rough surface p-GaN layers to the InGaN/GaN MQW solar 

cells, the MQW structures and the growth condition for the top p-GaN layers were carefully 

investigated.  The results indicated that the RMS surface roughness was strongly affected by 

the sum of InGaN well layers twell_total.  The AFM and TEM analyses revealed that the 

hexagonal V-shaped pits caused the rough surfaces and they increased with increasing twell_total.  

It was also indicated that a low growth temperature had a large effect for the rough surface 

formation than their other growth conditions such as the input V/III gas ratio or Cp2Mg flow 

rate.  The sample with the large twell_total of over 100 nm exhibited high solar cell performance 

with a high EQE of over 80%, owing to their increased light absorption which was attributed 

to their reduced light reflection in addition to the increased twell_total itself. 
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Table I: Structural characterization results for MOCVD-grown InGaN/GaN MQW solar cell 

structures.  Here, twell and tbarrier are the average thicknesses of the InGaN well and GaN 

barrier layers, respectively, and nwell are the number of InGaN well layers, respectively.  

Further, twell_total is the sum total of the InGaN well layer thickness.  The plus/minus signs 

represent thickness fluctuations of the respective stacking layers.  RMS roughness was 

obtained by AFM surface analyses. 

Sample ID twell  tbarrier  nwell twell_total RMS roughness 

A 

B 

C 

D 

E 

F 

G 

1.0 ± 0.6 nm 

3.2 ± 0.6 nm 

3.2 ± 0.6 nm 

6.0 ± 0.6 nm 

3.2 ± 0.6 nm 

3.2 ± 0.6 nm 

3.2 ± 0.6 nm 

5.5 ± 0.6 nm 

5.5 ± 0.6 nm 

4.0 ± 0.6 nm 

5.5 ± 0.6 nm 

4.0 ± 0.6 nm 

4.0 ± 0.6 nm 

5.5 ± 0.6 nm 

27 

22 

36 

16 

47 

24 

32 

27.0 nm 

70.4 nm 

115.2 nm 

96.0 nm 

150.4 nm 

76.8 nm 

102.4 nm 

37.8 nm 

58.4 nm 

69.6 nm 

66.9 nm 

75.3 nm 

20.4 nm 

72.0 nm 
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Table II: Summary of fabricated solar cells including short circuit current density (ISC), open 

circuit voltage (VOC), fill factor (FF), and energy conversion efficiency (ECE). 

Sample ID twell_total RMS roughness 
ISC 

(mA/cm2) 

VOC 

(V) 
FF 

ECE 

(%) 

A 

B 

C 

27 nm 

66 nm 

108 nm 

37.8 nm 

58.4 nm 

69.6 nm 

0.25 

0.88 

1.34 

2.03 

1.98 

1.71 

0.701 

0.606 

0.572 

0.36 

1.06 

1.31 
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Figure captions 

 

Figure 1.  Schematic of InGaN/GaN MQW solar cells 

 

Figure 2.  The relationship between the RMS surface roughness between the sum of the well 

layer thicknesses twell_total, where bird's-eye-view AFM images for typical samples A, B, and C 

are also shown. 

 

Figure 3.  Cross sectional dark field TEM images for samples A, B, and C, which were taken 

with a g-vector parallel to [112̅0] direction so that pure edge dislocations and edge/screw-

mixed dislocations can be observed.  AFM images are the same as given in Figure 2. 

 

Figure 4.  The variation of the RMS surface roughness of p-GaN layers with (a) the input V/III 

gas ratios and (b) the Cp2Mg flow rates, respectively.  Bird's-eye-view AFM images for 

typical samples are also shown. 

 

Figure 5.  (a) Light reflection and (b) light absorption spectra for samples A, B, and C with the 

different MQW structures and surface roughness. 

 

Figure 6.  EQE spectra for samples A, B, and C with the different MQW structures and surface 

roughness.  For comparison, the light absorption spectra shown in Figures 5(a) are also plotted 

as dashed lines.   

 

Figure 7.  I−V characteristics for samples A, B, and C with the different MQW structures and 

surface roughness, which were measured under a 1-sun-intensity artificial solar light 

illumination with an AM1.5G spectrum. 
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Figure 3 
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Figure 4 
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Figure 6 
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Figure 7 
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