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 An additional benefi t of the use of NW arrays for PVs is 
the inherent cost-saving potential associated with the reduced 
volume of the energy conversion medium, leveraged by the 
ability to grow high quality III-V crystals on foreign substrates. 
The use of foreign (non-III-V compound semiconductor) sub-
strates was previously shown to enhance device functionality 
through added mechanical fl exibility, as well as circumvent 
the need for ex–situ electrical contacting schemes. [ 33 ]  Since the 
principal goal of third-generation PVs is not only the continual 
increase of power conversion effi ciencies, but also the reduc-
tion of solar cell development costs, such novel hybrid mate-
rials can provide a practical solution. Motivated by this prin-
ciple, here we present a novel solar cell architecture utilizing 
a dense array of vertically oriented and axially heterostructured 
NWs with radial p–n junctions and in situ inorganic passiva-
tion layers, grown monolithically on graphene through direct 
van der Waals epitaxy by metal-organic chemical vapor depo-
sition (MOCVD). Using this hybrid material system, we dem-
onstrate power conversion effi ciencies as high as 2.51%, which 
is greater than what has been previously achieved using the 
same material systems even on bulk crystalline substrates with 
similar NW-based designs. [ 14 ]  We highlight the main benefi ts of 
this III-V photovoltaic solar cell design as one that is low-cost, 
substrate-free, and with a built-in back side contact, while being 
conducive to integration within other fl exible device platforms. 

 In a recent study, we established the preferential phase-
segregation of InGaAs during van der Waals epitaxial self-
assembly of NWs on graphene. [ 34 ]  Herein, we demonstrate that 
single-phase InGaAs NWs can be grown on graphene through 
the incorporation of an intermediate InAs “pedestal” segment. 
 Figure    1  a shows a tilted-view scanning electron microscopy 
(SEM) image obtained from an as-grown sample containing 
axially heterostructured InGaAs/InAs NWs on a monolayer 
sheet of graphene. Much like previous growths of the same 
kind, [ 34–36 ]  we note that all NWs are vertically oriented and 
exhibit no tapering along their axial profi les. Additionally, no 
seed particles or foreign material collection agents are found 
at the tips of the NWs, in contrast to conventional NW growth 
relying on the metal-seeded vapor-liquid-solid (VLS) mecha-
nism. Instead, the current growth method relies on pseudo-
Volmer-Weber direct epitaxial assembly of discrete InAs islands 
on graphene, with (111) oriented top surfaces. Following island 
formation, anisotropic crystal growth likely proceeds at ele-
vated rates along the energetically favorable <111> direction, 
similar to the case of selective area epitaxy (SAE) of semicon-
ductor NWs. This forms hexagonally facetted NWs extending 

  Over the past two decades, research in the fi eld of semicon-
ductor nanowires (NWs) has helped to reshape our under-
standing of atomic-scale crystal assembly [ 1–3 ]  and uncover novel 
physical phenomena at the nanometer scale. [ 4–6 ]  Compound 
semiconductor NWs have also been established as central com-
ponents in next-generation electronic [ 7–9 ]  and photonic [ 10–12 ]  
devices. In particular, extensive investigations are currently 
being pursued to more effectively exploit the advantages offered 
by NWs composed of III-V compounds for photovoltaic (PV) 
energy conversion applications. [ 13,14 ]  

 For photovoltaics, NWs offer three main advantages, as 
compared to conventional bulk-crystalline or thin-fi lm solar 
cells. They permit enhanced absorption of solar radiation by 
extending the absorption cross-section beyond the geometric 
footprint of a single NW, [ 15 ]  by causing otherwise refl ected 
broadband incident light to be absorbed in a NW array con-
fi guration through multiple scattering interactions, [ 16–18 ]  and 
by generating a graded effective refractive index from air to the 
light-absorbing matrix for more effi cient light coupling. [ 19 ]  NWs 
also permit three-dimensional variations in doping [ 20–22 ]  and 
heterostructure [ 23–25 ]  profi les through coaxial geometries. This 
is particularly benefi cial for effi cient collection of photogen-
erated carriers when core and shell segments are engineered 
to be thinner than minority carrier diffusion lengths. [ 26 ]  Finally, 
NWs are more conducive to heterogeneous integration solu-
tions, owing to the nature of the NW geometry to accommodate 
heteroepitaxially-induced strain by relaxation along the NW 
free surface. [ 9,23 ]  This advantage effectively increases the critical 
thickness of lattice-mismatched NW crystals in comparison to 
epi-layers having a purely planar geometry. [ 27–29 ]  Therefore, NW 
array-based architectures are attractive for multi-junction PVs, 
insofar as high-effi ciency devices relying on the monolithic 
integration of III-V materials with Si technology have been 
envisioned. [ 30–32 ]  
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in length along the thermodynamically preferred direction and 
having {–110} sidewall planes. It should be noted that unlike 
VLS-type growth, where crystal phase purity may be achieved 
by appropriate tuning of crystal growth conditions, the direct 
epitaxy approach results in NWs with a polytypic crystal struc-
ture, similar to NWs grown through SAE. [ 9,34 ]  At this point, no 
efforts have been directed by us or reported in the literature to 
control the polytypic phase change in direct epitaxy.  

 Structural and compositional investigations, by scanning 
transmission electron microscopy (STEM) analysis, reveal the 
axially heterostructured NW architecture. As can be seen in the 
high-angle annular dark-fi eld (HAADF)-STEM image shown in 
Figure  1 b, an extended region of dark contrast, corresponding 

to a single-compositional phase of InGaAs, follows the region 
of bright contrast at the base of the NW, corresponding to the 
location of a binary InAs segment. Energy dispersive X-ray spec-
troscopy (EDXS) line-scan analysis, shown above the HAADF 
image in Figure  1 b, confi rms the composition of the InAs base 
and In  x  Ga  1−x  As body segments (in this case  x  = 0.55 ± 0.02). 
Interestingly, no morphological or crystal structure variances 
are observed upon the onset of InGaAs growth. Furthermore, 
no evidence for the formation of defects (dislocations, or other-
wise) was observed near the heterointerface. This suggests that 
Ga incorporation proceeds according to a layer-by-layer growth 
regime over the previously assembled InAs base segment and 
that tensile strain can be accommodated by InGaAs segment 
without elastic relaxation. 

 Based on such axial heterostructure NW geometries, we 
carry out a solar cell performance optimization study by fab-
ricating three sets of NW-based devices, each having distinct 
device architectures. The three device structures are schemati-
cally represented in  Figure    2  a–c. The fi rst set of devices, hence-
forth termed group A devices, rely on NWs having an n-type 
InAs base segment followed by sequentially grown n-type 
(Si doping) and p-type (Zn doping) In  x  Ga  1-x  As ( x  ≈ 0.25) sec-
tions, as determined through previous composition optimiza-
tion experiments. Therefore, group A solar cells contain axially 
segmented InGaAs/InAs NWs, which include a p–n junction 
within the InGaAs segment. In contrast, the second set of solar 
cells, termed group B devices, are fabricated using NWs that 
contain a radial p–n junction within their InGaAs segments, 
which are grown through a two-step MOCVD process. Finally, 
the third set of devices considered in this study, those referred 
to as group C devices, are fabricated through an identical pro-
cess as group B, but contain an additional in situ grown p-type 
GaAs shell segment for surface passivation. Figure  2 d shows a 
general schematic of the device structure, indicating the elec-
trical contacting scheme. Specifi c details regarding growth of 
graphene fi lms and NW arrays, their structural and geometric 
characteristics, as well as device fabrication are outlined in the 
Supporting Information (SI).  

 As depicted in Figures  2 b,c, the base of the NWs are elec-
trically isolated through the deposition of an Al 2 O 3  layer, such 
that short-circuit pathways along the Zn-doped shell to the 
graphene contact are effectively avoided. In this manner, the 
p-type InGaAs shell segments in the group B and C devices 
are engineered to encapsulate the n-type InGaAs core segment 
only. Specifi c details regarding this fabrication method, along 
with SEM images showing the various stages of the processing 
scheme, are shown in the SI (Figure S1). 

 The fabricated solar cells, composed of NW arrays on multi-
layered graphene ( n  = 4), were characterized through current-
voltage ( I−V ) measurements obtained under dark and AM1.5G 
solar simulator illumination conditions.  Figure    3  a shows a 
comparison of the illuminated  I−V  characteristics of the group 
A, B, and C devices as dotted, dashed, and solid curves, respec-
tively, while the critical solar cell fi gures of merit based on 
these measurements are summarized in  Table    1  . We observe 
an increase in open-circuit voltage ( V  OC ) from 0.18 V to 0.20 V 
with the transition from an axial (group A) to a radial (group B) 
junction profi le. A more dramatic enhancement is noted upon 
surface passivation of the group C devices, marked by a  V  OC  of 
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 Figure 1.    a) Tilted-view SEM images of as-grown, axially heterostructured 
InGaAs/InAs NWs on graphene substrates. b) HAADF-STEM image of a 
single InGaAs/InAs NW obtained from the same samples as shown in 
(a) and corresponding EDXS linescan obtained along the location of the 
dashed blue line. Elemental counts of As, In, and Ga are represented 
as black square, gray circle, and black triangle data points and curves, 
respectively. In the HAADF image, the region of bright (dark) contrast 
corresponds to a single compositional phase InAs (InGaAs) segment. 
The white arrow indicates the NW growth direction.
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0.26 V. An improvement in short-circuit current density ( J  SC ) 
from 13.14 mA cm –  2  to 16.20 mA cm –  2  was also observed by 
changing from axial to radial junction devices. For the group C 
devices, surface passivation further improved  J  SC  to an optimal 
measured value of 17.16 mA cm –  2 . The combined effects of 
implementing a radial junction geometry and surface passi-
vation also resulted in a substantial increase in the fi ll factor 
(FF) and power conversion effi ciency (PCE) values of the group 
C devices to 55.32% and 2.51%, respectively. This equates to 
an increase by a factor of ≈1.44 in FF and a factor of ≈2.76 in 
PCE when comparing the performance of the groups A and C 
devices. Furthermore, while the groups A and B devices (both 
using non-passivated NWs) demonstrated comparable ideality 
factors of approximately  n  ≈ 1.9, the surface passivation scheme 
employed in the case of group C solar cells resulted in a meas-
ured  n  ≈ 1.54 (refer to SI, Figures S2a). The implications of these 

performance specifi cations are discussed 
below. Further analysis regarding parasitic 
losses is presented in the SI (Figure S2b). It 
should be noted that neither diode-type  I−V  
behavior under dark testing conditions nor 
photovoltaic effect under illuminated condi-
tions was observed when purely n-type NWs 
with otherwise identical device structures 
were tested (SI, Figure S2c). Therefore, the 
observed solar cell performance is directly a 
consequence of the embedded p–n junction 
within the individual NWs, as opposed to 
Schottky barrier-associated diode behavior. [ 33 ]    

 In addition to illuminated  I−V  charac-
terization, the external quantum effi ciency 
(EQE) of the three solar cell groups was 
measured as a function of excitation wave-
length. Figure  3 b shows the comparison 
of EQE curves obtained from the three 
device structures, measured over a spectral 
range of 450–1100 nm. As indicated by the 
solid curve, the passivated NWs with radial 
junctions (group C devices) demonstrated 
an optimal EQE of approximately 71% at 
970 nm, while peak EQE values of 46% and 
49% were measured in the case of the group 
A (dotted curve) and group B (dashed curve) 
devices, respectively. It should be noted that a 
clear effi ciency enhancement is observed in 
the case of the radial junction and surface-
passivated device structure across the entire 
spectral range, most notably along the visible 
spectrum, which corresponds to the 
maximum irradiance range of the AM1.5G 
solar spectrum. 

 First, the effect of the NW re-growth pro-
cess on crystal quality is considered. In the 
case of both group B and C devices, radial 
InGaAs segments of nominally equivalent 
composition are grown on existing InGaAs 
NWs over oxide-coated NW base segments. 
Structural analysis of re-grown InGaAs seg-
ments (SI, Figure S3) determined that both 

axial and radial extension of the existing NW structures was 
achieved. Through EDXS point analysis of single NW speci-
mens, it was confi rmed that the core InGaAs segments and re-
grown InGaAs shells were of equivalent compositions, within 
the spatial and spectral resolution limit of the EDXS detector. 
Additional defects, besides already present stacking faults, were 
not introduced through this process. However, as shown in 
Figure S4 of the SI, the re-growth of GaAs passivation layers 
(group C samples) is associated with the formation of dislo-
cations at the radial heterojunction, likely resulting from the 
elastic relaxation of the tensile strained shell segment, as previ-
ously observed by Popovitz-Biro and colleagues. [ 37 ]  

 Next, we consider the performance of the NW-based solar 
cells as a function of the device architecture. Implementation 
of a radial p–n junction, as opposed to an axial junction, leads 
to a modest increase in  V  OC , but also gives a more considerable 
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 Figure 2.    Schematic representation of the a) group A, b) group B, and c) group C NW-based 
device structures. d) Representation of the metallic contacting scheme as defi ned in the Experi-
mental Details section of the Supporting Information. All substrates are depicted as multi-layer 
graphene (MLG) sheets (n = 4).
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increase in  J  SC . This indicates that the radial junction profi le 
allows carriers generated at various lengths along the NW to 
be effectively swept by the built-in electric fi eld associated with 
the p–n junction. Conversely, in the case of the axial junction 
geometry, carriers generated further from the depletion region 
are more likely to undergo Shockley-Read-Hall (SRH) recom-
bination. The effect of the junction geometry is also discerned 
from the EQE measurements (Figure  3 b); insofar as a greater 
fraction of photogenerated carriers are collected at all excitation 

wavelengths for the group B versus group A devices. Based on 
the measured FF values and the curvature of the illuminated 
 I−V  curves shown in Figure  3 a, we note that neither series 
nor shunt resistances are affected by the junction geometry 
signifi cantly. 

 On the other hand, with the implementation of surface pas-
sivation for group C devices, the FF values are improved by 
approximately 15%, while a fl at-line slope at the short-circuit 
current density point seen in the illuminated  I−V  curve of the 
passivated devices indicates that shunt resistances have been 
increased. Both of these features imply that surface defects 
and routes toward SRH recombination have been effectively 
quenched with the introduction of passivating NW shell seg-
ments. Furthermore, as noted in Table  1 , group C devices show 
a large (60 mV) enhancement in  V  OC    , despite only a ≈1 mA cm –  2  
increase in  J  SC . This was previously reported as a signature of 
effective carrier recombination suppression upon surface passi-
vation. [ 38 ]  Also notable is the ideality factor reduction from 1.91 
to 1.54 with the implementation of surface passivation, which 
further demonstrates that the addition of outer GaAs shell seg-
ments allows for lower surface recombination rates. Finally, the 
most striking difference in the group C devices is the observed 
EQE enhancement toward the lower wavelength spectral range. 
Here, we note that although group A and B devices both show 
a gradual decrease in EQE below 800 nm, the group C devices 
show no signs of EQE reduction above ≈600 nm. It should be 
noted that this range corresponds to the maximum irradiance 
regime of the AM1.5G solar spectrum as well as the spectral 
range of minimum refl ectance as measured from our arrays of 
NWs grown on graphene (refer to SI, Figure S5). As previously 
observed by Mariani et al. for the case of SAE-grown GaAs NW 
arrays with InGaP passivation layers, [ 39 ]  such EQE trends likely 
arise from the collection of carriers generated near the NW sur-
faces from the absorption of high energy incident photons. As 
high energy photon absorption occurs at relatively lower pen-
etration depths, the higher EQE values in this spectral range, 
while absent in the non-passivated devices, can be associated 
with the effective reduction of active surface recombination 
sites in group C devices. 

 Another important consideration is related to the role of 
interfacial defects arising from GaAs shell growth. We empha-
size that the effect of suitable passivation schemes largely 
outweighs the effect of improved junction geometries. Further-
more, comparison of FF and PCE values of the group B and C 
devices leads us to conclude that the benefi ts of surface pas-
sivation outweigh the detriments of heteroepitaxially induced 
dislocations at the GaAs/InGaAs interface. Therefore, although 
the introduction of GaAs segments causes the formation of dis-
locations, the associated surface trap density reduction effects 
are more infl uential in terms of PCE enhancement. 
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 Figure 3.    a) Illuminated (AM1.5G)  I−V  characteristics and b) external 
quantum effi ciency (EQE) spectra measured from the optimal 
performance group A (dotted curve), group B (dashed curve), and group 
C (solid curve) NW array-based solar cells.

  Table 1.    The main performance parameters and fi gures of merits obtained from the optimal NW-array on graphene solar cells presented in this study. 

Device Group Device Structure  V  oc  
(V)

 J  sc  
(mA cm –  2 )

FF 
(%)

PCE 
(%)

 n 

A Axial Junction, No Passivation 0.18 13.14 38.43 0.91 1.93

B Radial Junction, No Passivation 0.20 16.20 40.24 1.32 1.91

C Radial Junction, GaAs Passivation 0.26 17.16 55.32 2.51 1.54
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 Next, we consider conduction at the InAs/graphene inter-
face. For all solar cells fabricated in this study, multi-layer gra-
phene (MLG,  n  = 4) fi lms were employed for improved con-
duction [ 40 ]  and higher density NW growth (SI, Figure S6). In 
addition to serving as a pedestal for the growth of single-phase 
InGaAs segments, the InAs base segments grown on graphene 
also act as low band-gap and low series resistance point con-
tacts and electron collection layers. In our previous study, we 
noted that along with NW growth on pristine graphene, island 
nucleation and growth also occurs, preferentially isolated to 
point or line defects on graphene fi lms. [ 34 ]  As shown in the SI 
(Figure S7), such islands aid to passivate the inherent defects 
of the graphene fi lm. As part of this study, we carried out InAs 
growths under modifi ed MOCVD conditions to yield only 
island structures on graphene fi lms. It was determined that 
island growth aided in the passivation of graphene defects, such 
that a nearly two-fold increase in conductivity was observed 
in comparison to graphene control samples not subjected to 
InAs island growth. Similar to the study performed by Lee et 
al., where metallic nanowires on graphene fi lms gave a signifi -
cant reduction in graphene sheet resistance, [ 41 ]  the preferential 
growth of InAs islands along graphene defects likely allows for 
mobile carriers, otherwise being scattered at the defect sites, 
to effectively bypass the scattering centers through conduction 
along the InAs islands. Therefore, both island formation and 
NW base InAs segment incorporations are expected reduce the 
series resistance in such semiconductor on graphene device 
architectures. 

 Finally, we compare the optimal device structure presented 
in the current work with several comparable PV designs 
published to date relying on arrays of III-V NWs on foreign 
substrates. Previously, our research group showed two dis-
tinct solar cells designs employing seed-free InGaAs [ 42 ]  and 
InAsP [ 43 ]  NWs grown directly on Si substrates. In both these 
approaches, n-type NWs were grown on p-type substrates, such 
that the active junction was coincident with the heterointerface 
between the III-V NWs and the Si substrate. Non-passivated 
InGaAs on Si devices showed an optimal PCE of 2.4%, while 
passivated InAsP on Si devices were capable of realizing 3.6% 
PCE under identical AM1.5G illuminated testing conditions as 
in the current study. Although these results are comparable to 
the performance of the current set of group C devices (∼2.5% 
PCE), those previous devices were capable of absorbing inci-
dent solar illumination in both the NW arrays and the bulk 
crystalline substrates. In contrast, group C devices rely on gra-
phene growth surfaces that provide negligible infl uence on the 
generation of carriers and thereby lower the optical substrate 
benefi ts. Alternative designs employing InAs (PCE = 1% at 
room temperature), [ 44 ]  InN (PCE = 0.68%), [ 45 ]  and InP-hybrid 
(PCE = 0.02%) [ 46 ]  NW arrays on Si substrates have also been 
demonstrated. The key advantages of our device structure are 
as follows: the active junction is embedded directly within every 
NW comprising the energy harvesting array; the InAs ped-
estal segments at the base of the NWs allow for effi cient col-
lection of photogenerated electrons; and, fi nally, the passivation 
layers effectively prohibit the recombination of electron-hole 
pairs generated by photons absorbed from the higher energy 
spectral range. We also highlight the use of graphene as the 
growth surface, which not only introduces signifi cant cost 

benefi ts when compared to the use of III-V or Si substrates, 
but also provides the potential for fabrication of fl exible devices. 
Although III-V NWs on carbon-based substrates for PV appli-
cations have been previously reported, [ 33 ]  the current approach 
employing graphene ensures vertical orientation of NWs and 
an abrupt epitaxial growth front, both being necessary criteria 
for the formation of suitable electrical contacts to NW arrays. 
Higher conversion effi ciency values are anticipated if optimal 
bandgap materials, such as InP, are used, and with further 
optimization of the device design for the mitigation of the fol-
lowing loss mechanisms: 1) non-ideal surface passivation mate-
rial, i.e., InP or AlInP instead of GaAs; 2) series resistances 
arising from NW/ITO interface and graphene contacts; 3) non-
uniformity of NW height distribution for electrical contact to all 
NWs in the array; and 4) valance band energy barrier at GaAs/
InGaAs interface for hole collection. Upon reduction of these 
losses through future design optimization, we anticipate that 
such NW-array-on-graphene architectures can be employed as 
supplementary components in stacked, hierarchical devices as 
energy converters, light emitters, or sensors. 

 In summary, we have presented a novel solar cells design 
employing InGaAs/InAs heterostructured NW arrays grown 
directly by van der Waals epitaxy on graphene fi lms. A device 
performance optimization study was carried out through which 
the role of axial versus radial NW p–n junctions and the infl u-
ence of in situ surface passivation were distinguished. We have 
concluded that radial junction geometries show moderate PCE 
enhancement as compared to axial junction geometries. Fur-
thermore, we have determined that the addition of surface pas-
sivation shell segments greatly outweigh the benefi ts gained 
from implementation of a radial NW junction design as well as 
the detrimental effects of misfi t dislocations suffered from the 
formation of lattice mismatched passivating shell segments. 
The solar cell structures employing surface passivation shell 
layers and co-axial p–n junction In 0.25 Ga 0.75 As NW geometries 
on graphene achieved a PCE of 2.51%, which is a new perfor-
mance record for III-V NWs with embedded junctions grown 
on graphene. Although In 0.25 Ga 0.75 As is not the optimum band-
gap material for high effi ciency solar cells, the direct epitaxy on 
graphene platform established here has signifi cant implications 
for a wide variety of III-V compound semiconductor NW-based 
devices on graphene, such as light emitters and multi-junction 
tandem solar cells, all of which can be released for fl exible 
applications. Additional geometrical considerations such as NW 
length, diameter, spacing, and array confi guration are expected 
to further improve the broadband absorption and photocurrent 
generation of the current devices.

Supporting Information
  Supporting Information is available from the Wiley Online Library or 
from the author.
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