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In this paper, we perform a comprehensive study on energy band engineering of InGaN multi-

quantum-well (MQW) solar cells using AlGaN electron- and hole-blocking layers. InGaN MQW

solar cells with AlGaN layers were grown by metalorganic chemical vapor deposition, and high

crystal quality was confirmed by high resolution X-ray diffraction measurements. Time-resolved

photoluminescence results showed that the carrier lifetime on the solar cells with AlGaN layers

increased by more than 40% compared to that on the reference samples, indicating greatly

improved carrier collections. The illuminated current-density (J–V) measurements further con-

firmed that the short-circuit current density (Jsc) of the solar cells also benefited from the AlGaN

layer design and increased 46%. At room temperature, the InGaN solar cells with AlGaN layers

showed much higher power conversion efficiency (PCE), by up to two-fold, compared to reference

devices. At high temperatures, these solar cells with AlGaN layers also delivered superior photo-

voltaic (PV) performance such as PCE, Jsc, and fill factor than the reference devices. These results

indicate that band engineering with AlGaN layers in the InGaN MQW solar cell structures can

effectively enhance the carrier collection process and is a promising design for high efficiency

InGaN solar cells for both room temperature and high temperature PV applications. Published by
AIP Publishing. https://doi.org/10.1063/1.5028530

III-nitride (III-N) materials have seen huge success in

both electronics1–6 and optoelectronics,7–16 including power

diodes,1–6 solid-state lighting,7–12 and integrated photon-

ics.13–16 Ternary InGaN alloys, in particular, have emerged

in recent years as promising candidates for photovoltaic

(PV) applications,17–22 especially for high temperature PV

applications, terrestrial photovoltaic thermal (PVT) hybrid

solar collector systems, space applications, and top cells in

multi-junction (MJ) solar cells. III-N materials’ suitability

for these device applications arises from their unique intrin-

sic properties, such as tunable wide bandgaps, a high absorp-

tion coefficient, high thermal stability, and outstanding

radiation resistance.23,24 To date, rapid progress has been

made in the development of InGaN solar cells, with major

emphasis placed on improving material quality and avoiding

polarization-related effects. As a result, various approaches

have been reported that focus on the growth of InGaN

absorbing layers and the consequent device perfor-

mance.25–31 These include the use of strained InGaN/GaN

quantum wells,25,26 the optimization of structural parame-

ters,27,28 the use of native GaN substrates,29,30 growth on dif-

ferent GaN crystal orientations,30,31 etc. These methods

reveal the relation between material quality, structural integ-

rity, and the corresponding PV properties of InGaN layers.

For example, the employment of free-standing GaN sub-

strates can substantially boost power conversion efficiency

(PCE) of InGaN solar cells by reducing their dislocation den-

sities.26,27,29 Additionally, the polarization doping32 and the

adoption of nonpolar and semipolar GaN substrates30 are

also able to mitigate polarization-induced issues and facili-

tate carrier transport.

Nevertheless, compared to traditional III-V materials,

research on InGaN solar cells is still in its early stages and

their PV performance is still far from satisfactory. The

research efforts in developing high efficiency InGaN solar

cells have been mainly focused on improving the material

crystal quality, optimizing the optical designs, and control-

ling the polarization effects. On the other hand, the engineer-

ing of energy bands of solar cells using higher bandgap

layers to act as window layers (or back surface fields) has

been demonstrated as an effective approach to improve the

carrier collection efficiency of solar cells. Such an approach

has already been successfully implemented in Si heterojunc-

tions with intrinsic thin-layer (HIT) solar cells,33 III-V solar

cells,34–36 and II-VI solar cells like CdTe37 and chalcoge-

nides.38 However, tailoring electronic energy band profiles

with higher bandgap layers has not yet been thoroughly

investigated in InGaN solar cells.

In this work, we demonstrate InGaN multi-quantum-

well (MQW) solar cell structures with AlGaN layers as elec-

tron- and hole-blocking layers. This energy band design

leads to substantially increased carrier lifetimes in InGaN

MQW solar cells and improved carrier collection dynamics.

The illuminated current-density (J–V) and external quantum

efficiency (EQE) characterizations showed significant

improvements for the solar cells with AlGaN layers com-

pared to those without, mainly due to the huge enhancement

in the short-circuit current density (Jsc). At high temperatures

up to 450 �C, those cells with the optimized AlGaN layers

also surpassed the PV performance of the reference ones ina)Yuji.Zhao@asu.edu.
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terms of all key parameters. The detailed discussions are as

follows.

The InGaN MQW solar cell structures were grown by

conventional metal-organic chemical vapor deposition

(MOCVD) on (0001) sapphires. The indium compositions in

the MQWs were determined to be 15% by high resolution X-

ray diffraction (HRXRD) and were further verified by photo-

luminescence (PL). The reference device structure consists

of 2 lm Si-doped n-GaN ([Si] ¼ 3� 1018 cm�3), 125 nm

highly Si-doped nþ-GaN ([Si] ¼ 2� 1019 cm�3), 30 periods

of InGaN (3 nm)/GaN (7 nm) MQWs, 110 nm Mg-doped p-

GaN, and a 10 nm highly Mg-doped pþ-GaN contact layer.

In addition, five InGaN MQW solar cells (namely, 1A, 1B,

1C, 2A, and 2B) with different AlGaN layers were also

grown, and the details of their structures are summarized in

Table I. All structures have the same InGaN MQW active

regions. Samples 1A and 1B have p-Al0.15Ga0.85N layers of

5 nm and 10 nm, respectively, and no n-Al0.15Ga0.85N layers.

Sample 1C has 5 nm of both p- and n-Al0.15Ga0.85N layers.

Samples 2A and 2B have the same p-Al0.15Ga0.85N layers as

sample 1A but with different p-GaN layer thicknesses

(50 nm for 2A and 150 nm for 2B).

After the MOCVD growth, the crystal qualities of the

InGaN MQW solar cell samples were characterized by the

HRXRD measurement using a PANalytical X’Pert Pro mate-

rials research X-ray diffractometer system with Cu Ka radia-

tions. The transmission and reflectance spectra of

unprocessed wafers were characterized with a LAMBDA

950/1050 UV/VIS/NIR Spectrophotometer from Perkin

Elmer. The PL and time-resolved PL (TRPL) measurements

at room temperature (RT) were performed using a home-

made micro-PL system equipped with an incident 405 nm

laser and a HORIBA spectrometer with a liquid nitrogen

cooled CCD detector. After material and optical character-

izations, these InGaN epi-structures were then processed into

solar cell devices with 1 mm � 1 mm mesas using standard

contact lithography and inductively coupled plasma (ICP)

etching. 130 nm indium-tin-oxide (ITO) layers were depos-

ited by dc-sputtering on top of the mesa as a current spread-

ing layer with post-annealing in N2/O2 at 500 �C. Ti/Al/Ni/

Au ring contacts and Ti/Pt/Au grid contacts were deposited

around the perimeter and on the top of the mesa, respec-

tively. Both metal contacts were deposited via electron beam

evaporation. The schematic device structure of the fabricated

InGaN MQW solar cells of sample 1C is shown in Fig. 1(a).

Illuminated J–V measurements were taken using an Oriel

Class A Solar Simulator at 1 sun condition under the

AM1.5G spectrum. The EQE measurement data were col-

lected using an Oriel QEPVSI quantum efficiency measure-

ment system and calibrated with a reference Si

photodetector. A Linkam HFS600-PB4 stage with the capa-

bility of heating samples up to 600 �C was used to perform

the temperature-dependent measurements. More details on

characterization, fabrication, and PV measurements can be

found in Refs. 30 and 39.

Figure 1(b) shows the comparison of energy band struc-

tures in equilibrium between the reference structure and 1C.

The energy band diagrams of InGaN MQW solar cells were

simulated using TCAD Silvaco software. The detailed values

of the confined ground states, band edges (at 100 nm and

210 nm), and the band offsets for electrons and holes with

and without the p-AlGaN layer in the first and last quantum

wells are presented in the supplementary material (see

Tables S1 and S2). The employment of the p-Al0.15Ga0.85N

layer introduces a 0.297 eV increase in the conduction band

offset while maintaining the same barrier height in the

valence band. This enables more efficient extraction of holes

to the p-GaN by blocking the overflowing electrons and reduc-

ing the recombination of electrons and holes in the p side.

Likewise, the n-Al0.15Ga0.85N layer lowers the conduction band

offset by 0.634 eV and increases the valence band offset by

0.866 eV, enhancing electron transport to the n side. Therefore,

both p- and n-Al0.15Ga0.85N layers improve carrier collection

and reduce the surface recombination near the contacts.

The growth and doping issues of AlGaN layers are very

complicated and will negatively impact the performance of

InGaN MQW solar cells if the crystal quality is low.

Therefore, before the device characterization, we performed

HRXRD x-2h scans across (0002) reflection for all the

InGaN solar cell samples to analyze the material quality, and

the results are shown in Fig. 2. The vertical dotted line indi-

cates the main peak for GaN. The InGaN MQW peaks from

the zeroth to the second order are well-distinguished and are

located at nearly the same position. The indium composi-

tions for all samples deduced from HRXRD results are

�15%. Overall, these results illustrate that all samples

TABLE I. Summary of structure designs and device performance of InGaN/GaN MQW solar cells.

Sample No. p-GaN (nm) p-Al0.15Ga0.85N (nm) n-Al0.15Ga0.85N (nm) MQW Voc (V) Jsc (mA/cm2) FF (%) Conversion efficiency (%)

Ref. 100 0 0 30 periods In0.15Ga0.85N

(3 nm)/GaN (7 nm) MQW

2.09 0.87 52.57 0.95

1A 100 5 0 2.18 1.36 59.27 1.77

1B 100 10 0 2.17 1.43 54.31 1.69

1C 100 5 5 2.15 1.31 59.70 1.66

2A 50 5 0 1.66 1.49 63.17 1.57

2B 150 5 0 2.15 1.27 59.04 1.62

FIG. 1. (a) The schematic device structure of sample 1C and (b) the compar-

ison of band diagrams between the reference sample and 1C.
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possess highly similar MQW structures without any negative

effects caused by the addition of AlGaN layers.

Additionally, the less obvious satellite peaks were found on

sample 2A as shown in the XRD results. This is related to

the less smooth interface between quantum wells and bar-

riers, which leads to the slightly lower material quality in

sample 2A.40 Further investigations are being carried out to

confirm this issue.

Figure 3 shows (a) the light absorption spectra, (b)

the RT PL spectra, and (c) the RT TRPL results for all the

InGaN MQW solar cell samples. The absorption spectra

were determined from Absorption (k)¼ 100%� Transmission
(k)�Reflection (k). The bandgap energies obtained from the

absorption spectra and Tauc’s plot (not shown here) were

�2.75 eV for all the 6 structures. This indicates an indium

composition around 15%, which is in good agreement with

the HRXRD results. Moreover, the emission peaks in PL mea-

surements shown in Fig. 3(b) are in the range of 445–450 nm,

which also correspond to both the HRXRD and absorption

results. The normalized TRPL results at RT are presented in

Fig. 3(c), and the carrier lifetimes fitted from exponential

decay functions are also shown. The lifetime in the reference

structure is only �7.8 ns, while it is in the range from 11 to

16 ns for the other samples with AlGaN layers. A longer car-

rier lifetime indicates a higher possibility for photogenerated

carriers to be collected at contacts.41,42 Compared to the

reference structure, those with AlGaN layers all exhibited sig-

nificantly improved carrier lifetimes (>40%). This is due to

the increased band bending in the quantum wells and thus

reduced carrier recombination.43 By comparing structures 1A

and 1B, we can see that the thin p-AlGaN layer (5 nm) is pre-

ferred in solar cell design. This can be explained by fewer

defects and/or dislocations being generated during the growth

process. Additionally, a moderate thickness of the p-GaN

layer (100 nm) leads to the longest lifetime among structures

1A, 2A, and 2B. This can be related to the tradeoff between

the highly resistive nature of the p-GaN layer and material

quality.

Figure 4 presents (a) the representative EQE spectra and

(b) the illuminated J–V measurements for the samples. The

cutoff edges of the EQE for all samples are almost the same

at 450 nm, which is in good agreement with the absorption

and PL results. Samples 1A to 2B all exhibited better EQE

performance than the reference structure. The peak EQE for

the reference sample is only �47%, while it exceeded 60%

for the other structures. The highest peak EQE of 65% was

found in structure 2A. The large difference observed in EQE

and internal quantum efficiency (IQE) (see Fig. S1) between

the reference and other structures demonstrates that band

engineering with AlGaN layers in InGaN MQW solar cells

significantly enhanced the carrier collection efficiency, lead-

ing to better solar cell performance. Furthermore, for J–V
curves, all InGaN solar cell structures with AlGaN layers

(1A to 2B) exhibited markedly improved Jsc as expected. In

contrast, all structures exhibited essentially the same open-

circuit voltage (Voc) values except 2A. More details on the

comparison of J–V performance are discussed in the follow-

ing paragraph.

Figure 5 shows the extracted values of key PV perfor-

mance parameters of (a) Voc, (b) Jsc, (c) fill factor (FF), and

(d) PCE from J–V curves in the form of a box chart for the

reference sample (ref.) and samples 1A, 1B, 1C, 2A, and 2B.

These values are also included in Table I. The measurements

were performed on �10 devices for each structure and �60

devices in total. The Voc of ref. (2.09 V) is slightly smaller

than those of 1A, 1B, 1C, and 2B. This is attributed to

increased quasi-Fermi splitting for the solar cell samples

with AlGaN layers. It is also worth noting that the voltage-

bandgap offsets (Woc) of 1A, 1B, 1C, and 2B are smaller

than 0.6 V, which acts as an indicator of superior material

quality in InGaN MQW solar cells.22,44 Sample 2A showed

FIG. 2. The typical results of HRXRD x-2h scans taken across (002) reflec-

tion for sample ref., 1A, 1B, 1C, 2A, and 2B, respectively.

FIG. 3. (a) The light absorption spectra, (b) the room-temperature photoluminescence (PL) spectra, and (c) room-temperature time-resolved photolumines-

cence (TRPL) results for sample ref., 1A, 1B, 1C, 2A, and 2B, respectively.
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lower Voc possibly due to the inferior material quality.

Additionally, the Jsc value of the reference sample is only

0.87 mA/cm2, while the values for samples with AlGaN

layers are larger than 1.27 mA/cm2, with an enhancement of

more than 46%. The FF values of 1A to 2B range from 54%

to 63%, while it is slightly lower in ref. (52.57%). As a

result, the reference structure exhibited the lowest PCE of all

(0.95%), which is largely limited by its Jsc. In contrast, sam-

ples 1A to 1C exhibited a significantly improved PCE of

more than 1.6%, which demonstrates an increase of more

than 68%. The best solar cell performance was achieved on

sample 1A which exhibited a Voc of 2.20 V, a Jsc of 1.39 mA/

cm2, a FF of 60.52%, and a corresponding PCE of 1.85%

under 1 sun AM1.5G equivalent illumination. These results

show the high potential of adopting AlGaN layers as an

effective band engineering method to improve the PV perfor-

mance of InGaN solar cells.

To further study the effects of AlGaN layers on the high

temperature performance of InGaN solar cells, we performed

high temperature J–V measurements ranging from 25 �C to

450 �C. Figure 6 presents the comparison of device parame-

ters of normalized (a) conversion efficiency, (b) Jsc, (c) Voc,

and (d) FF between sample reference and 1C extracted from

high temperature J–V measurements. To better compare the

key device parameters at varying temperatures, we normal-

ized each collection of parameters with the corresponding

values of the reference at 25 �C. Other InGaN solar cell devi-

ces with AlGaN layers that are not shown here exhibited

similar trends to sample1 C. Figure 6(a) shows that the effi-

ciencies of 1C are much higher than that of the reference

sample across the entire temperature range. It is worth noting

that the difference in efficiencies between the two samples

reduces as temperature increases. With an increase in tem-

perature, the bandgap energies of AlGaN layers decrease and

the thermionic emission rate of photogenerated carriers rises.

Those two effects together result in the less pronounced

enhancement effect originated from AlGaN layers. A similar

trend was observed for Jsc values of the two samples as

shown in Fig. 6(b). Furthermore, an increase of FF up to

300 �C was observed on both samples which is shown in Fig.

6(c). This rollover phenomenon in FF can be ascribed to the

trade-off between carrier escape and recombination at high

temperatures, which has also been identified in previous

reports on InGaN/GaN MQW solar cells.21,45 Finally, both

devices showed the similar values and trends for Voc as

shown in Fig. 6(d). This similarity originated from the

temperature-dependent behaviors of the intrinsic carrier con-

centration and essentially the bandgaps of III-nitrides.46

Consequently, the reference InGaN solar cell samples shared

many similarities in PV performance with previous

reports.21,22,45 Nevertheless, InGaN solar cells with AlGaN

layers completely outperformed the reference solar cell sam-

ples in almost every aspect of PV performance across the

entire temperature range in measurements.

In summary, we have performed the comprehensive

study on energy band engineering of InGaN MQW solar

cells using AlGaN electron- and hole-blocking layers and

demonstrated that such an approach can effectively improve

the PV performance of InGaN MQW solar cells. Energy

band simulation and TRPL results showed that the carrier

collection and carrier lifetime were improved significantly

with the incorporation of AlGaN layers in the InGaN solar

cells. The illuminated J–V measurements further confirmed

that Jsc benefited most from this design and increased more

FIG. 4. (a) The representative EQE spectra and (b) the representative illumi-

nated current density–voltage (J–V) measurements for sample ref., 1A, 1B,

1C, 2A, and 2B, respectively.

FIG. 5. The extracted values of (a) open-circuit voltage (Voc), (b) short-

circuit current (Jsc), (c) fill factor (FF), and (d) power conversion efficiency

(PCE) from J–V curves for sample ref., 1A, 1B, 1C, 2A, and 2B,

respectively.

FIG. 6. The comparison of device parameters of normalized (a) power con-

version efficiency, (b) short-circuit current (Jsc), (c) fill factor (FF), and (d)

open-circuit voltage (Voc) between the sample reference and 1C from high

temperature J–V measurements.
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than 46%. The PCE of the solar cell device with AlGaN

layers almost doubled over the reference structure. At ele-

vated temperatures, those with AlGaN layers also achieved

better performance than the reference sample. These results

demonstrate the feasibility and practicality of the adoption of

AlGaN layers in the InGaN MQW solar cell structures for

further improving the carrier collection process. This engi-

neering of the energy band therefore has the full potential to

enable high efficiency InGaN solar cells for both room tem-

perature and high temperature applications.

See supplementary material for the detailed values of the

confined ground states, band edges (at 100 nm and 210 nm),

and the band offsets for electrons and holes with and without

the p-AlGaN layer in the first and last quantum wells (Tables

S1 and S2) and the internal quantum efficiency (IQE) spectra

for sample ref., 1A, 1B, 1C, 2A, and 2B, respectively (Fig. S1).
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