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We study the influence of V-pits on the overall conversion efficiency of bulk In0:12Ga0:88N based

heterojunction solar cells grown by MOVPE. We show that V-pits significantly enhances the extrac-

tion of the photogenerated carriers in the InGaN absorber, resulting in a peak external quantum effi-

ciency of 79% and a short circuit current density (twice the state of the art) of 2.56mA/cm�2 under

AM 1.5G conditions. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963817]

The InGaN material system, with its bandgap spanning

the entire visible solar spectrum, enables the design of multi-

junction solar cells of maximum efficiency. The high energy

radiation resistance and absorption coefficient make InGaN a

potential candidate for high efficiency photovoltaic (PV)

devices.1 Nevertheless, there are two major challenges2,3

that could limit the realization of high efficiency InGaN solar

cells. New approaches4 have been proposed to overcome the

first of these challenges, which deals with the growth of a

high structural quality thick InGaN absorber layer with high

indium (In) concentration. Two methods to prevent phase

separation and high dislocation density in the absorber are

the substitution of the bulk absorber by either a semibulk

absorber5,6 or InGaN nano-structures.7 We have shown

encouraging results.8 The nanostructures allow full strain

relaxation of the InGaN material without any threading dis-

locations (TDs), high In incorporation,9 and growth on sili-

con template.10 The second challenge is the degradation of

the structural properties of the InGaN absorber during the

growth of the subsequent top p-GaN layer. The latter is gen-

erally grown at a temperature, which is much higher than

what the InGaN layer can withstand. To prevent that, the

p-GaN layer is grown at a lower temperature, which leads to

a rather low crystal quality with a high density of TDs and

V-pits, resulting in high carrier recombinations and leakage

current leading to InGaN solar cells with reduced open cir-

cuit voltage (Voc) as reported by several authors.11–13 These

authors also reported increased values of the short circuit

current density Jsc for devices exhibiting the largest density

of V-pits. This was explained by a possible reduction of the

light reflection at the p-GaN surface leading to an increase in

the light absorption and thus Jsc.

We propose another possible explanation for this

enhancement of Jsc originating from the presence of V-pits

in the p-GaN layer. Because V-pits exhibit enhanced carrier

collection in the surrounding area as shown by Frigeri14 and

Maximenko et al.,15 a large density of V-pits could thus lead

to the enhancement of Jsc. To assess this assumption, a more

comprehensive study is required. That is the purpose of this

paper. We use the electron beam induced current (EBIC)

technique which, with its high spatial resolution down to the

sub-micron level, allows accurate characterization of the

generated current within and around the V-pits. Correlation

of EBIC results with device characteristics allows the full

interpretation of the role of these defects in the performance

of the PV cells.

To demonstrate this, as shown in Fig. 1(a), a PIN struc-

ture is grown using MOVPE on a GaN template. It consists

of an 850 nm thick Si-doped n-type GaN layer followed by a

50 nm thick non intentionally (NID) doped GaN layer (to

stop the diffusion of Si from the n-GaN layer into the intrin-

sic region). Then, a 60 nm thick NID In0:12Ga0:88N layer is

grown to form the active region. A 10 nm NID GaN cap

layer (to stop the diffusion of Mg from the p-GaN layer into

the intrinsic region) followed by a 200 nm thick Mg doped

p-type GaN and a 50 nm of heavily Mg doped pþ-type GaN

were grown at 800 �C. The processing of the devices, with

size ranging from 0.37mm2 to 1.27mm2, includes the reali-

zation of both n- and p-contacts (see Fig. 1(b)). For the

p-contact, a top grid with 5 lm wide fingers and a pitch of

75lm is formed using Pd/Au metal layers for the p-contact.

FIG. 1. (a) Design and (b) SEM image of the InGaN PV structure.a)Electronic mail: jean-paul.salvestrini@univ-lorraine.fr
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The n-contact is formed using Ti/Al/Au metal layers. Details of

the processing are described in the work of Belahsene et al.16

The growth of the p-GaN layer at low temperature

(800 �C) leads to a well preserved InGaN absorber layer, with

the exception of some small V-pits in the upper part of the

layer, as well as a relatively abrupt and smooth interface with

few defects between the InGaN absorber and the p-GaN layer.

This is shown in the high-angle, annular dark field scanning

transmission electron microscopy (HAADF-STEM) image in

Fig. 2(a). A high density of V-pits is observed in the p-GaN

layer as seen in Fig. 2(b), which shows the SEM image of the

p-GaN surface. The width of the opening of these V-pits varies

from 30nm to 1000nm. X-ray diffraction reciprocal space map-

ping, shown in Fig. 2(c), indicates that the InGaN layer, with an

average In content of 12%, is mostly coherently strained (8% of

relaxation) to the GaN template. Energy dispersive X-ray spec-

trometry (EDX) measurements (not shown here) confirm an

average In concentration in the InGaN layer of 12%. A high

resolution 2h - x scan of the full PIN structure (not shown

here) shows clearly resolved Pendellosung fringes on both sides

of the main InGaN peak (with 368 arc sec FWHM for (0002)

planes), which confirms the high structural quality of the InGaN

layer and the well-defined interface between InGaN and GaN

layers (with 337 arc sec FWHM for (0002) planes, close to that

of the GaN template).

To investigate the role of the V-pits in the performance

of the InGaN-based solar cells, we carried out an in-depth

EBIC analysis of 6 selected devices with different V-pit den-

sities. EBIC measurements were done using electrical con-

tacts prepared for the electro-optical characterization of the

PV cells. To measure the induced current, two probes con-

nected to a current-voltage amplifier were placed on the n

and p pads, respectively, as shown in Fig. 1(b). The gener-

ated electrons are collected by the highly doped n-GaN layer

via the n-pad, whereas the generated holes are collected via

interdigitated electrodes deposited on the p-GaN layer and

connected to the p-pad. As an example, Fig. 3 shows the SEM

and corresponding EBIC images, respectively, recorded at dif-

ferent scales, in a planar geometry configuration for one of the

InGaN PV cells and obtained for an electron beam energy of

13 keV. The large scale EBIC mapping shown in Fig. 3(b)

exhibits a dark area corresponding to the metal contacts that

avoid any carrier generation due to the full absorption of the

electron beam. Also an inhomogeneous bright area can be

seen, indicating an inhomogeneous carrier collection through

the full device. At higher magnification (Figs. 3(c)–3(f)), it is

clear that the non homogeneous carrier collection matches

perfectly with V-pit spatial distribution and size in the p-GaN

layer. As shown in Fig. 4, smooth areas without any pits (SA)

are less bright than areas containing small and thus shallow

V-pits (SVP), which are, in turn, darker than areas containing

large and thus deep V-pits (DVP). This could be explained by

the fact that the arrangement of core atoms in TDs differs con-

siderably from the position in the bulk-like material and thus

gives rise to a strain field, which could act as a trap for intrin-

sic defects and impurities.17 This impurity trapping would

inhibit the overgrowth leading to the opening of the TDs,

resulting in nanotubes or open-core defects and then V-pits.

Therefore, an impurity-depleted zone would be expected to

form around the V-pits.15 During the growth of GaN type

materials, impurities such as silicon (Si), oxygen (O), and

hydrogen (H) can be incorporated. Si and O are donors and

with H can form a complex with Mg, leading to the reduction

FIG. 2. (a) HAADF-STEM cross-sectional and (b) SEM images (c) (11–24)

RSM of the InGaN PV structures.

FIG. 3. Different magnification of (a),

(c), and (e) SEM images of the H1

InGaN device top surface, and (b), (d),

and (f) corresponding EBIC images.
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of the p-doping concentration, which eventually results in low

carrier collection efficiency and thus EBIC signal. The

impurity-depleted zone around the V-pits is thus expected to

show an enhanced EBIC signal. The difference in the bright-

ness of DVP and SVP in the EBIC images can be then attrib-

uted to the difference in the impurity depleted volume. It is to

be noticed that the center of the DVP appears dark (see Figs.

3(f), 5(a), and 5(b)) likely due the absence of p-GaN on top of

the InGaN layer at this particular location (see Fig. 4).

The EBIC images recorded at different scales in all of

the six devices have been accurately analyzed. For each

device, the DVP (size larger than 300 nm) and SVP (size

lower than 300 nm) densities have been carefully determined

using a Matlab code and correlated with the corresponding

device performance (Jsc and Voc measured under UV illumi-

nation). Depending on the deep and shallow V-pit density

ratio in the p-GaN layer over the full wafer surface, large

variations of the performance from one device to another are

observed. As soon as the total pit density is decreased from

one device to another, a decrease in Jsc and an increase in

Voc are observed. Figure 6 shows the dependence of both Jsc
and Voc with DVP and SVP densities, respectively. There

is a strong correlation between the DVP density and Voc

(Fig. 6(a)). A good correlation is also observed between SVP

density and Jsc (Fig. 6(b)). This correlation can be enhanced

by plotting Jsc versus the DVP/SVP density ratio as shown in

the inset of Fig. 6(b). On the contrary, a weak or zero corre-

lation exists between DVP density and Jsc (Fig. 6(c)), likely

due to the fact that the DVP density is 103 times less than the

SVP density. Finally, no correlation between SVP and Voc

(Fig. 6(d)) can be seen. It can be seen that to increase both

Jsc and Voc, an increase in the SVP density and a decrease in

the DVP density are required, while to decrease both Jsc and

Voc, a decrease in the SVP density and an increase in the

DVP density are required. Finally, an increase in the SVP

density leads to an increase in Jsc, whereas an increase in the

DVP density leads to a decrease in Voc. Thus, the rather low

Voc observed in all the six devices can be attributed to some

current leakage occurring at the DVP/InGaN layer interface

and through the internal DVP surface, while the large current

density observed in most of the devices could originate from

the total impurity depleted volume, and corresponding elec-

tric field enhancement, due to DVP and SVP.

To go further and compare the performances of the devices

with the literature, external quantum efficiency (EQE) and

current density � voltage (J � V) (under AM 1.5G conditions)

measurements were performed. Figure 7 shows the results

obtained for the device having the best performance (D1).

The EQE curve has a maximum peak of 79% at a wave-

length of 387 nm (see Fig. 7(a)). For wavelength greater than

387 nm, a sharp decrease is observed down to a wavelength

of 440 nm as expected and is followed by a second smooth

decrease down to a wavelength of 505 nm. The latter proba-

bly originates from higher In concentration regions in the

partially relaxed InGaN layer. The decrease in EQE below

365 nm is due to photon absorption and charge generation in

the p-GaN layer that cannot be collected. From Fig. 7(b),

which shows the J � V dependence measured under AM

1.5G conditions, a value of 2.56mA/cm2 for Jsc can be deter-

mined, which is the maximum value ever reported for a PIN

heterojunction solar cell, with a 60 nm thick In0:12Ga0:88N

absorber layer. Table I summarizes and compares the per-

formances of the best InGaN solar cells with those reported

by Matioli et al.13 who achieved the best 60 nm thick

FIG. 4. (a) and (b) SEM images and profiles of both DVP and SVP of the

device top surface and (c) and (d) their corresponding EBIC images and pro-

files obtained at an e-beam energy of 13 keV.

FIG. 5. Scheme of the deep and shallow V-pits observed in the p-GaN layer

of the PV devices. V-pits with opening larger than 300 nm extend down to

the InGaN layer.

FIG. 6. Jsc and Voc dependence with the DVP and SVP densities, respec-

tively. Measurements were done under UV light and recorded in 6 different

devices labeled D1–D6.
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In0:12Ga0:88N PV cells. We obtain larger Jsc and EQE, thanks

to SVP, but lower Voc and FF, both likely due to DVP.

In conclusion, we have studied the combining results of

SEM, HAADF-STEM, current density voltage curves, and

EBIC characterization, and the influence of the V-pits on the

overall conversion efficiency of bulk In0:12Ga0:88N absorber

based heterojunction solar cells. We have shown that V-pits

contribute significantly to the enhancement of photogener-

ated carrier extraction from the InGaN absorber, resulting in

a peak external quantum efficiency of 79% and a short

circuit current density of 2.56mA/cm�2 under an AM 1.5G

solar spectrum, i.e., a value twice the state of the art.

Meanwhile, a too high density of deep V-pits leads to high

leakage current, hence reducing both the open circuit voltage

and fill factor. Because a low growth temperature for the

p-GaN layer, leading to high V-pit density, is mandatory, a

way to favor the formation of shallow against deep V-pits

should help to preserve and perhaps improve InGaN based

PV device performances.
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