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The optoelectric properties of GaInP p-i-n solar cells with different intrinsic layer (i-layer) thicknesses from 0.25 to 1𝜇m were
studied. Both emission intensity and full width at half maximum features of the photoluminescence spectrum indicate that the
optimum i-layer thickness would be between 0.5 and 0.75𝜇m.The integrated current results of photocurrent experiment also point
out that the samples with 0.5 to 0.75 𝜇m i-layer thicknesses have optimum value around 156 nA. Electroreflectance measurements
reveal that the built-in electric field strength of the sample gradually deviates from the theoretical value larger when i-layer thickness
of the sample is thicker than 0.75𝜇m. 𝐼-𝑉measurements also confirmcrystal quality forwhole samples by obtaining the information
about short currents of photovoltaic performances. A series of experiments reflect that thicker i-layer structure would induce more
defects generation lowering crystal quality.

1. Introduction

Solar cell devices play an important role in renewable energies
which convert solar energy directly into electricity. In recent
years, tandem structures have been developed for high effi-
ciency applications. These were stacked by multiple subcells
with different band gaps to absorb the sun light in different
spectral ranges and convert it into electric power. Multijunc-
tion III-V tandem structure solar cells such as GaInP/
GaInAs/Ge triple junction cells have attracted increasing
attention for their very high conversion efficiencies [1, 2].
However, the high cost of III-V tandem cells has been the
main impediment for their widespread applications. Another
kind of basic solar cell structures is p-i-n structure, which
consists of p- and n-doped regions on top and bottom layers
and an intrinsic layer (i-layer) in middle one. It provides a
simple way to improve the absorption ability with a thick
intrinsic region. It is also well known that the built-in electric

field plays a critical role in solar cell devices; however, it is
difficult to detect by electric methods directly and less studies
have been reported [3]. In addition, the different thicknesses
of an i-layer would be studied in detail because the thicker
i-layer may induce more defects and lower the built-in
electric field. Modulation spectroscopy is a powerful tool for
studying optical fine structures in semiconductor devices
and materials [4–9]. In order to evaluate the i-layer quality, a
systematic optical characterization of thickness and built-in
electric field must be clarified for giving us information in
order to optimize the power conversion efficiency. These
parameters are also desirable for improving the tandem cell
design and improving the quality of the epitaxial layers.

In this study, we performed photoluminescence (PL)
and photocurrent (PC) spectra measurements to detect the
energy band gap of GaInP layers and understand the absorp-
tion behaviors of these devices. We also measure the period
of Franz-Keldysh oscillations (FKOs) using electroreflectance
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Figure 1: The main structure of GaInP p-i-n solar cells.

(ER) spectroscopy to reveal the built-in electric field strength.
Consequently, the ER results could determine whether the i-
layer thickness is suitable or not for device design. Further-
more, the 𝐼-𝑉 measurements for the devices could provide
many important pieces of information and optoelectric char-
acteristics such as short current (𝐼sc), open circuit (𝑉oc), fill
factor (FF), efficiency (𝜂), series resistance (𝑅

𝑠
), and shunt

resistance (𝑅sh). Comparing the information collected by the
different techniques, a clear picture of the built-in electric
field and an optimized i-layer thickness in InGaP p-i-n solar
cells will be presented in the following content.

2. Experimental Methods

A series of GaInP p-i-n solar cells with different i-layer thick-
nesses were grown on (100) GaAs substrates by low pressure
metal-organic chemical vapor deposition system, and the
layered structure is schematically presented in Figure 1. On
the top of the n-GaAs substrate, there is an n-GaAs buffer
layer, followed by an n-AlGaInP back surface field layer
(0.1 𝜇m) and a p-i-n structure consisting of an n-GaInP
base (0.3 𝜇m), an i-GaInP layer, and a p-GaInP emitter layer
(0.1 𝜇m), followed by an AlGaInP window layer (0.03 𝜇m)
and a p-GaAs contact layer (0.3 𝜇m). The composition ratios
are about Ga

0.5
In
0.5

for i-layer and (Al
0.35

Ga
0.65

)
0.5
In
0.5
P for

back surface field layer. According to growth rate and period
information, the thicknesses of the i-layers for the four
samples that could be calculated are 0.25, 0.5, 0.75, and 1 𝜇m,
respectively. We symbolized them as samples A, B, C, and D.
The doping concentrations for the emitter and base layers of
all samples are 2 × 1018 and 3 × 1017 cm−3, respectively.

PL spectra were performed by using a 100mW diode
pump solid state laser with wavelength of 532 nm for studying
the composition and crystal quality of the GaInP layer. A
silicon detector and a 0.25m monochromator equipped with
a lock-in amplifier were used to record the optical intensity
of the PL spectra. For PC spectra system, the monochromatic
light coming from a 150W halogen lamp was filtered by
a monochromator and then focused on the sample surface
by a lens. The photocurrent induced by the monochromatic
light was measured by a Keithley 6485 picoampere meter. In
order to detect the built-in electric field in the solar cells,
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Figure 2: The room temperature PL spectra of samples A∼D.

ER spectra were performed at various reversed biases [5, 6].
Themodulation voltage is 0.3 V and the system configuration
is similar to the reflectivity measurement and the detailed
experimental setup has been described elsewhere [10, 11].
Furthermore, a solar simulator (SS150 fully reflective solar
simulator) was used to obtain the 𝐼-𝑉 characteristics.

3. Results and Discussion

The PL spectra of samples A, B, C, and D with peaks around
1.9 eV are shown in Figure 2. For these four samples, the PL
signals mainly come from the i-GaInP layer, because the
high doping will induce nonradiative centers and weaken
the luminescent efficiency in p- and n-doping layers. The
PL intensity was enhanced as the i-layer thickness increased
from 0.25 to 0.5 𝜇m. Sincemain radiative recombination cen-
ters located in the thicker i-layer, the PL intensity of sample C
is lower than that of sample B although it had a thicker i-layer.
In general, PL intensity reflects the probability of a radiative
recombination and gives us an evaluation reference for the
crystal quality. A high crystalline quality layer exhibits strong
PL intensity; however, a layer with poor crystalline quality
shows a weak emission because most of the photo generated
carriers are recombined by nonradiative recombination
centers. Therefore, this result could be probably attributed
to the generation of defects in the thick i-layer of sample C.
Comparing with the PL peak intensity of samples A, B, and
C, the intensity of sample D is quite small. This weak PL
intensity indicates that the i-layer quality is also not good
due to many defects that have been generated in sample D,
which affects the efficiency of the solar cell. Furthermore,
we also noted that the full width at half maximum (FWHM)
value of the PL spectra is 18.9, 19.3, 20.1, and 25.0 nm for
four samples, respectively. Sample D has the largest FWHM
value among all samples, which is another evidence showing
that the crystalline quality of the i-layer could be degraded
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Figure 3: The PC spectra of samples A∼D.

as the layer thickness increases beyond a critical thickness.
In addition, the PL peaks of the four samples are at around
1.88 eV closely. According to the relationship between energy
band gap and alloy composition presented in the previous
literatures [12, 13], the alloy compositions 𝑥 of Ga

𝑥
In
1−𝑥

P
for samples A to D are determined to be 0.58, 0.54, 0.58, and
0.58, respectively, by using the following equation:

𝐸
𝑔
= 1.32 + 0.7𝑥 + 0.68𝑥

2

. (1)

The effect of i-layer thickness on PC spectra is shown in
Figure 3. For four samples, the photo-induced currents all rise
abruptly at 1.9 eV indicating the absorption edge positions of
the solar cells. The PC peak currents are 124, 152, 156, and
147 nA for samples A to D, respectively, while the integrated
values are 63, 76, 71, and 66 nA. In comparison with sun
illumination, the low integrated values here is that the sam-
ples were measured under single frequent light filtered by the
monochromator.The peak and integrated values of sample A
are smaller than those of the other samples due to the fact that
the i-layer is too thin to absorb all light. As the thickness of
the i-layer increases, a larger photocurrent generation could
be expected. Obviously, the PC values for samples B and C
were improved among all samples. However, with the i-layer
thickness continuously increasing, the PC results tend to sat-
urate and then decrease due to the formation of a high density
point defect in the thick i-layer, which are also consistent with
the above PL results. Both the PC and PL results indicate
that the optimum i-layer thickness should be between 0.5 and
0.75 𝜇m. Furthermore, we analyzed the peak shifts between
the PL peak and he PC absorption edge carefully. It is obvious
to find that the shifts from sample A to sample D are small
and still in a reasonable range (∼20meV). These shifts are
probably due to slight difference in composition or thickness
uniformity because themeasurement positions are not totally
the same between PL and PC experiments.
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Figure 4: The ER spectra of sample A measured at different reverse
biases from 0 to 3.5 V.

In general, a small perturbation was triggered for mod-
ulation spectroscopy using an external voltage or temper-
ature change to create a periodic variation on the band
gap; afterward, the optical absorption coefficients and the
dielectric coefficients would be changed as well. The basic
principle of ER is to take the derivative of the optical
spectrumwith respect to amodulation of an electric field.The
absorption transitions of carriers could be resolved and other
background signals of the ER system could be diminished
using a lock-in amplifier to detect the small variation in the
reflected light of probe beam. ER system has been widely
utilized to reveal the transition energies of quantum wells
and the built-in electric fields in many kinds of junction
structures [14]. Based on the Franze and Keldysh theory
[15], Shen et al. proposed a precise evaluation of the electric
field strength by analyzing the period of FKOs existing in
ER spectra [16, 17]. Due to the advantages of noncontact
and nondestructive methods, these efforts allow modulation
spectroscopy a unique method for detecting the built-in
electric field in diode and transistor structures [18–20]. For
p-i-n solar cells, a high electric field is built across the i-layer
by the Fermi level difference between the p- and n-doped
layers. This built-in electric field is the engine for driving
the electron-hole pairs induced by solar light out of the
cells and generating electric power. Therefore, we utilized ER
measurement to obtain the built-in electric field in the i-layer
with different thicknesses for the all samples. In Figure 4, we
present the ER spectra of sample A at different reverse biases
and calculate the built-in electric field strength 𝐹 from FKO
periods. The ER line shape is given approximately by [21]

Δ𝑅

𝑅
∝ exp(

−Γ (𝐸 − 𝐸
𝑔
)
1/2

(ℏΩ)
3/2

) cos(2

3
[
𝐸 − 𝐸

𝑔

ℏΩ
]

3/2

+ 𝜃) ,

(2)

whereΔ𝑅/𝑅 is normalized reflectance difference, 𝐸 is photon
energy, Γ is a damping parameter, ℏΩ is electrooptic energy,
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Figure 5: The photon energy of the 𝑗th as a function of the index 𝑗

for ER analysis of sample A.

and 𝜃 is a phase factor. The cosine term has extrema at
energies 𝐸

𝑗
given by

[𝐸
𝑗
− 𝐸
𝑔
]
3/2

=
3

2
[ℏΩ]
3/2

(𝑗𝜋 − 𝜃) 𝑗 = 0, 1, 2, 3, . . . , (3)

where 𝑗 is the index number of the 𝑗th extremum.The carriers
have a resulting electrooptic energy:

ℏΩ = (
𝑒
2

ℏ
2

𝐹
2

8𝜇
)

1/3

, (4)

where 𝑒 is the electronic charge and 𝜇 is the inter band
reduced effectivemass in the field direction. Figure 4 displays
the ER spectra of sample A measured at different reverse
biases between 0 and 3.5 V. The first feature below 1.9 eV
shows the direct energy band gap (𝐸

𝑔
) of the i-layer, while

features above 1.9 eV are the FKO features. Their photon
energies are labeled as 1–6 and guided by the lines with
arrows in the end, shift toward high energy with increasing
reverse bias due to the increase of the built-in electric field.
Figure 5 shows the photon energy of the 𝑗th, which is defined
as (4/3𝜋)(𝐸

𝑗
− 𝐸
𝑔
)
3/2, and plots as a function of the index

𝑗 for further ER analysis of sample A. The results indicate
two straight lines, squares for zero bias and triangles for 3.5 V
reverse bias which we provide for the samples. From the
slope of this straight line and (4), the built-in electric fields
were determined to be 90 kV/cm at zero bias and 223 kV/cm
at 3.5 V reverse bias, respectively. This built-in electric field
in the i-layer of a p-i-n structure is mainly determined by
the doping levels in n-, p-layers, and the thickness of the i-
layer. Because the doping levels are quite high which is 2 ×

1018 cm−3 in the p layer and 3 × 1017 cm−3 in the n layers, a
lot of electrons and holes are accumulated at both sides of the
i-layer and the Fermi level is very close to conduction and
valence bands in n- and p-type layers, respectively.Therefore,
the built-in electric field at zero bias can be estimated by
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Figure 6:The fitting built-in electric fields of samples A∼D from the
ER results under various biases.

Table 1: Increasing rate of built-in electric field strength for samples
A∼D.

Increasing rate of built-in electric field (kV/cm)
A B C D

Theoretical
value 40 20 13.3 10

Experimental
value 38 18 10 3

the energy band gap of InGaP divided by i-layer thickness.
On the basis of this simple calculation, the theoretical value
of the built-in electric field is 86.3 kV/cm for sample A. This
theoretical value of the built-in electric field matches well
with the measured result.

Figure 6 shows the built-in electric fields of samples A
to D which are fitted from the ER spectra results under
various biases. These built-in electric fields results reveal a
linear accession trend with increasing the reverse bias. The
corresponding accession values of built-in electric fields are
38, 18, 10, and 3 kV/cm for samples A to D, respectively. The
reverse voltage could be applied on the i-GaInP due to the
small leakage current. Therefore, the theoretical accession
value of the built-in electric field could be estimated by using
the applied voltage divided by the thickness of i-GaInP layer.
The theoretical value of the increased electric field when
one-volt voltage is provided should be 40.0, 20.0, 13.3, and
10.0 kV/cm for samples A to D, respectively. The theoretical
and experimental values are listed inTable 1. It could be found
that the experimental values match well with the theoretical
values when the thickness of the i-GaInP layer is small, such
as samples A and B, but gradually deviate from the theoretical
value as the thickness is larger than 0.75𝜇m. For sample D,
the accession value is only one-third of the theoretical value.
According to this result, it is clear that the crystal quality of
the thin i-GaInP layer is quite good and no defect dipoles
existing in this layer, results in that all of the reverse bias has
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Figure 7: The 𝐼-𝑉 characteristics of samples A∼D obtained under
sun illumination.

been applied on this layer. On the other hand, the i-GaInP
layer quality of sample D is not good enough due to a large
number of point defects, which became charged dipoles as
the reverse bias was applied and reduced the accession value
of the electric field [22, 23].

Figure 7 shows the 𝐼-𝑉 characteristics of samples A to
D obtained under sun illumination. A lot of parameters
relating to solar cell circuit could be extracted from 𝐼-𝑉
curves such as 𝐼sc, 𝑉oc, 𝑅sh, and 𝑅

𝑠
[24–26]. 𝐼sc represents the

maximum current at short circuit circumstance and reflects
the capability of generating current. We can observe that
samples B and C have high values of 𝐼sc, while samples A
and D have low 𝐼sc. However, the 𝐼sc was measured by a
solar simulator consisting of the whole sun spectra, and their
results are similar to the integration of the PC spectra. The
integrated values for samples A to D are 63, 76, 71, and 66 nA,
respectively. This result indicates the same trend like that we
have observed in 𝐼sc values. We could further confirm that
the suitable i-layer thickness for goodperformance is between
0.5 and 0.75 𝜇m. Štuĺık and Singh proposed the influence of
defects on 𝐼sc for Si based solar cell indicating worse i-layer
crystal quality would cause lower 𝐼sc value [27]. Therefore,
the low 𝐼sc values for samples A and D reflect many defects
existing in the i-layer with a unsuitable thickness.

The open circuit voltage, 𝑉oc, is the maximum voltage
available from a junction solar cell, and it occurs at zero
currents. The 𝑉oc values were obtained from the intersection
of the 𝐼-𝑉 curve and the horizontal axis voltages; these
values are 1.19, 1.14, 1.17, and 1.11 V for samples A to D. For
single-junction solar cells, 𝑉oc could be determined as 𝑉oc =

(𝑛𝑘
𝐵
𝑇/𝑞) ln(𝐽sc/𝐽𝑜 + 1), where 𝑘𝑇/𝑞 is the thermal voltage, 𝑛

is the ideality factor, 𝐽
𝑜
is saturation current, and 𝐽sc is short

circuit current density. In general, the saturation current
density depends on recombination in the solar cell; therefore,
𝑉oc is ameasure of the amount of recombination in the device.

Table 2: Photovoltaic performances of samples A∼D.

Sample A B C D
𝑉oc (V) 1.19 1.14 1.17 1.11
𝐼sc (mA) 0.30 0.47 0.46 0.41
𝑉max (V) 1.02 0.98 1.03 0.93
𝐼max (mA) 0.29 0.44 0.43 0.36
𝑃max (mW) 0.30 0.43 0.44 0.34
FF (%) 82 81 82 74
𝜂 (%) 3.28 4.82 4.88 3.76
𝑅sh (KΩ) 147 137 107 82
𝑅
𝑠
(Ω) 123 127 129 246

For sample D, the 𝑉oc reduction is obvious, which may be
related to the enhanced generation of the saturation current
determined by various mechanisms such as the recombina-
tion current of defects or diffusion current [28]. Furthermore,
the two equivalent resistances connected in series (𝑅

𝑠
) and in

shunt (𝑅sh) also can be extracted from the slope of 𝐼-𝑉 curves
at open circuit and short circuit circumstances, respectively.
The results have been summarized in Table 2. For an efficient
solar cell, low 𝑅

𝑠
and large 𝑅sh features are necessary which

decrease power loss of solar cell in addition to affecting FF.
Table 2 shows that the 𝑅

𝑠
increases a little from samples A

to C and causes a dramatic jump for sample D. We think
that the increase in 𝑅

𝑠
is responsible for the increase of the

i-layer thickness [29]. For sample D, a lot of point defects
in the i-layer resist the current flow and result in a high
series resistance. The resistance of 𝑅sh decreases a little from
samples A to C and decreases dramatically for sample D.This
decrease of𝑅sh is responsible for the increase of the nonradia-
tive recombination centers coming from point defects in the
i-layer. In general, the fill factor (FF) value could reflect the
performance of solar cell. When FF is closed to 100% which
means the solar cells possess ideal 𝐼-𝑉 characteristic and
allowmaximumpower delivered to the load, the FF is defined
as the ratio of maximum power to the product of 𝐼sc and 𝑉oc.
Either a large𝑅

𝑠
or a small𝑅sh will reduce the FF.According to

the information in Table 2 we organized, the relevant results
of sample A show low 𝑅

𝑠
and large 𝑅sh features reflecting

a good FF property. In contrast, a poor FF property of the
sample D could be reasonable due to a high 𝑅

𝑠
and a low 𝑅sh.

Another key performance characteristic of a solar cell
is the efficiency 𝜂, which is the ratio of maximum out
power to the incidental light power. Table 2 shows the 𝜂

values for samples A to D are between 3 and 5%. According
to a previous literature [30], Shu et al. proposed that the
conversion efficiency of GaInP p-i-n solar cells could achieve
around 5% with 1mA/cm2 photocurrent density generated
using similar measurement methods to ours. In our cases, no
antireflection coating layer applied in our devices is probable
a reason for low efficiency. From the data shown in Table 2,
it could be found that samples B and C have better efficiency
than samples A and D. From these key performance charac-
teristics, we can understand that the optimized thickness of
the i-layer is critical and in the range around 0.5 to 0.75 𝜇m.
The crystal quality of the i-layer is dependent on the thickness
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of the i-layer. Both the performance and the built-in electric
field of solar cells actually rely on a suitable thickness of i-layer
with high quality.

4. Conclusions

In conclusion, we have presented the study on built-in
electric fields and optical properties of GaInP p-i-n solar cells
with different i-layer thicknesses. A series of experiments
determined the built-in electric field strengths and i-layer
quality for all samples and confirmed that the optimized i-
layer thickness is around 0.5 to 0.75 𝜇m. For the sample with
thinner i-layer thickness, solar cells could not absorb all of
the sun light efficiently. Therefore, the short circuit current
and output power would be low. In addition, a lot of point
defects are generated in the sample with thicker layer and the
built-in electric field is not high enough to drive out all of
photo-induced current.
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