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Abstract

In this paper, we demonstrate the fabrication and characterization of high-efficiency single-
junction p-i-n GaAs solar cell on flexible epi-ready buffer on metal foils processed via roll-to-roll
fabrication. Single-junction p-i-n GaAs solar cells were fabricated using metal-organic chemical
vapor deposition (MOCVD). An efficiency greater than 13% was obtained at 1 sun, which is the
highest reported efficiency on GaAs PV directly deposited on epi-ready metal buffers. The
efficiency obtained exceeds our previous reported efficiency of 11% on single junction p-n solar
cell structure. This is attributed to improvement in the quality of the junction, surface morphology,
controlled diffusion of species within the active layers, and increase in absorption due to the

optimized intrinsic layer thickness.
Introduction

The highest efficiency among all solar cells has been achieved in III-V semiconductor
materials [1-4]. However, the cost of I1I-V materials is still high compared to other types of cells.
Two basic approaches are being pursued for low cost III-V solar cells: Use of low-cost substrates
(other than GaAs wafers) for growth of III-V semiconductor materials and epitaxial lift-off
processes for re-use of GaAs wafer substrate. Non-GaAs substrates have been used for growth of
II1-V semiconductors, such as germanium (Ge), silicon (Si), or compositionally graded SiGe using

the chemical vapor deposition (CVD) [5], molecular beam epitaxial (MBE) [6], and metal organic



chemical vapor deposition (MOCVD) techniques [7]. For Ge as substrate, the lattice mismatch
between GaAs/Ge is just 0.07% at room temperature and results in compressive bi-axial stress in
the growth plane which is compensated with an enlargement of the germanium (Ge) lattice in the
direction of the growth [8, 9]. For Si as a substrate, the lattice mismatch between GaAs/Si of
approximately 4% as well as differences in thermal expansion coefficients result in nucleation of
a high density of threading dislocations greater than 10%/cm? [10]. Research has been done to
reduce this threading dislocation using techniques such as graded Ge-Si buffer [11, 12]. However,

GaAs solar cells fabricated on such substrates have not exhibited very high efficiency.

In another approach, an epitaxial lift off (ELO) technique for single-junction (1J) solar cells
with sacrificial or release layer like aluminum arsenide (AlAs, AlGaAs, etc.) is employed to reuse
the wafer [13-17]. Hydrofluoric (HF) acid is used as a solvent to etch the release layer [15, 18].
However, film cracking is induced as a consequence of repeated lift-off processes [19]. Today’s
world record efficiency of 29.3% for 1J GaAs via ELO was demonstrated by Alta Devices [20-
22]. Research has been conducted to increase the ELO rate with hydrophilic solvents, such as
acetone [23] and cleaning the GaAs substrate using a solution containing NH,OH/ H,O,/H.O
(1:1:50) for reuse [24]. Despite these efforts, wafer reuse for ELO processing has a finite lifetime
as several defective areas develop on the wafer that lead to a gradual decrease in efficiency. In
addition, large scale production processes with ELO for low-cost manufacturing is questionable.

Thus, there is a need for an alternative method to manufacture III-V solar cells at a low cost.

We have developed a novel epitaxial approach for growing low-cost and scalable GaAs
solar cells on lightweight and robust substrates via a roll-to-roll process. The details of buffer and
epitaxial growth are described elsewhere [25-27]. The previously reported solar cell structure
grown and fabricated on flexible epi-ready metal tape were single junction p-n solar cells [28, 29].
The solar cell efficiency was mainly limited by absorption and leakage/recombination (arising
from sidewalls, grain boundaries, defects etc.). The main type of defect was threading dislocations,
of the order of 108 cm™2, due to the 4% lattice mismatch between Ge and CeO, buffer layer [27,
28].

In efforts to address issues such as species diffusion, surface defects, and absorption, the
device architecture was modified by inserting an intrinsic layer between the p-n junction to make

a p-i-n structure. In the p-i-n structure, the electric field extends over a wider region while the



built-in potential is the same as the p-n, when using similar doping concentrations. This electric
field drifts the photo-generated charge carriers in the intrinsic layer (towards the contact) in a way
that increases the carrier diffusion length before recombination [30]. The intrinsic layer thickness
also increases photo-absorption. This type of structure is common for amorphous silicon solar cells
where the diffusion length is short [31] but has not been explored with GaAs solar cells in an epi-
ready buffer.

P-i-n solar cells with different intrinsic layer thickness (250 nm,500 nm,1000nm, 1500 nm
and 2000 nm) were grown using MOCVD keeping the thickness and carrier concentration of all
other layers unchanged. Imaging tools such as optical microscopy, Scanning electron microscopy
(SEM), Atomic force microscopy (AFM), Helium ion microscopy (HIM) were utilized for surface
characterization of fabricated p-n and p-i-n device films. P-n device films fabricated during same
process were used to compare the p-i-n films. P-i-n solar cells with different intrinsic layer
thickness were fabricated and characterized using illuminated and dark current-voltage (I-V)
curves. The solar cell with optimized intrinsic thickness was processed further for cap layer
removal and added an anti-reflection coating (ARC). Bulk characterization was performed using
cross section Transmission electron microscopy (TEM) and SEM. Further, optical characterization

of p-n and p-i-n solar cells was done using photo-response characteristics.
Metal-Organic Chemical Vapor Deposition of the p-i-n solar cell structure

II1-V materials were grown in a custom-built MOCVD tool with dual chambers possessing
wafer and roll-to-roll capabilities. Metal foils with sputtered epitaxial Ge template were used for
solar cell device growth in a custom-built reactor with graphite susceptor designed to ensure
uniform heating. Arsine (AsH.) and trimethylgallium (TMGa) were used for the growth of GaAs.
Trimethylindium (TMlIn) and trimethylaluminum (TMALI) were used for growth of InGaAs and
AlGaAs, respectively. Dimethylzinc (DMZn) and Silane (SiH,) were used as p-type and n-type
dopants, respectively. Research purity hydrogen (H,; SN9) gas was further purified to 9N9 levels
by a palladium (Pd) cell purifier and used as the carrier gas for MOCVD growth. In preparation
for the device growth runs, control runs were performed to ensure correct doping concentration as
confirmed via Hall measurement using a Van der Pauw configuration at room temperature with an
HMS-5000 Ecopia system. A plasma-assisted (PAG) layer of ~200nm GaAs was initially grown

at 550°C and a chamber pressure of 1 Torr. The succeeding layers were grown at a chamber



pressure of 70 Torr. After the growth of the PAG layer, an undoped 1.8pum-thick GaAs layer was
grown to prevent diffusion of Ge atoms to the active device layers [29]. Two sets of superlattice
structure (SLS) comprised of Snm thick (10nm total) GaAs/InGaAs alternating layers were grown
for a total of 30 periods per SLS, with 1.2 um of undoped GaAs serving as a spacer between sets
of SLS. The purpose of these SLS is to reduce defect density and serve as a Ge diffusion barrier.
GaAs and InGaAs layers were grown at 650°C. Another 1.2 um thick undoped GaAs was grown
on the 2™ set of SLS to further reduce the defect density. Next, a 1.4 pm thick highly-doped p+
GaAs layer with a bulk concentration (BC) of 5.0x10°cm was grown to serve as a current-
spreading layer for lateral contacts. A ~33nm p+ (1.0x10cm) back-surface field (BSF) AlGaAs
layer was grown, followed by a 50nm p-GaAs layer (1.0x10'%cm) and an intrinsic GaAs layer of
thickness varying from ~250-2000nm (250nm, 500nm, 1000nm, 1500nm and 2000nm). The
growth of the intrinsic GaAs was followed by ~67nm of n-type GaAs (1.0x10'7cm3) emitter,
~30nm of n™* (1.0x10"%cm3) AlGaAs window layer and finally a ~33nm n~+ GaAs (1.0x10'%cm-3)

cap layer. The thickness variation in each layer is in the range of £3nm.
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Figure 1. Schematic of 1J p-i-n solar cell and buffer layer on flexible metal tape.



A detailed image of the p-i-n single junction GaAs solar cell structure is shown in figure
1. The doping concentration and fabrication condition for all layers in the p-i-n structure were kept
the same as that of p-n solar cells. In the case of the p-i-n structure, the intrinsic layer thickness

was varied to achieve maximum current generation.
Optical characterization of p-n and p-i-n solar cell device films

The visual appearance of both p-n and p-i-n devices was specular and shiny when retrieved
from the sample chamber. However, when examined under an optical microscope, their
morphology was very different, with substantial more particles in p-n device samples. Optical,
SEM and AFM images were obtained to determine the nature of the particles on the surface of the
p-n GaAs device film, and were compared with the p-i-n versions as shown in figure 2 and 4,
respectively. The optical images reveal the presence of random-sized black-spotted features
(defects) resembling pits and particles. The p-n device samples had a higher concentration of these
features. These features were estimated to cover 8% of the 110um by 80um image area (>7 images
per sample). In comparison, the features found in the p-i-n sample were present in <1% of the
same image areas. SEM of the p-n device sample reveal smaller features (~1 um?) present in the
sample not seen in the optical images. In contrast, the morphology of the p-i-n sample is relatively
clean. To determine whether the features are pits or particles, high-resolution AFM imaging was
conducted. The average root-mean-square roughness obtained from a AFM surface topography
scan of an area of 40 pum x 40 pwm taken over different areas of the sample is 180 nm. A 3D image
from a scan over a 10 um x 10 um area shows a pit with a depth of approximately ~750 nm. This
confirms the features to be pits and suggests that many were formed on the p-n solar cell surfaces.
These pits are likely the center for diffusion and a reason for the high leakage observed in p-n solar

cells. However, the exact pit widths and the features inside the pits are still unknown.
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Figure 2. Optical, SEM and AFM images of p-n films.

Helium ion microscopy was used to image the surface of p-n solar cell films to better
understand the widths of the pits as well as their features. Helium ion microscopy is a type of Field
Ion Microscopy (FIM) that uses a Gaseous Field Ionization Source (GFIS) gun with helium gas at
the vicinity [30]. It typically operates between 20 keV to 45 keV and can produce a helium beam
current in the range of 10-'# to 10" A. Changing the background pressure of the imaging gas, the
beam current can be modulated [31]. For beam energy in the given range (20-45 keV), the
wavelength of the helium ion is several hundred times shorter than that of electron beams of the
same energy (used in SEM), generating high momentum to reduce diffraction. The depth-of-field
for HIM is thus 10x to 20x larger than that of SEM [32]. ORION NF equipment (at Oak Ridge
National Laboratory) that produces a beam (convergence angle of 0.5 mrad) with a probe size of
0.4 nm and a beam current in picoamperes (pA)was used for our experiment. For imaging the p-n
solar cell surfaces at a working distance of 17.12 mm, a beam current of 0.589 pA was used for all

sizes of images.



Figure 3. HIM images of p-n film surfaces.

Figure 3 shows the HIM images of p-n solar cell surfaces at different locations. In the first
row of images in figure 3, the low magnification image (50 pm) shows a concentration of spots on
the surface. The high magnification images clearly show that the surface spots are pits. The 1 um
image in the 2" row is a clear evidence for the formation of such pits. The width of those pits
varied from approximately 400 nm to 650 nm. This high concentration of pits in the p-n solar cell
led to high leakage, low current and lower open circuit voltage. When metal contacts are deposited
during the fabrication process, the pit’s area will short the device. The third row of images supports
the AFM observation of roughness on the surface of the p-n GaAs film. The growth mode appears

to be layer-by-layer with some localized step features leading to a rougher film.

The surface morphology of the grown p-i-n solar cells with different intrinsic thicknesses
were of the same nature as observed by optical, SEM and AFM imaging. Data from a sample with
an intrinsic layer thickness of 1000 nm is shown in figure 4. The optical and SEM images show a
clean surface with a very low concentration of black spots. The average root-mean-square
roughness obtained from a scan area of 40 pum x 40 um was 50 nm. The 3D image scan of the 10
pm % 10 pm area clearly shows that the surface of the film is clean with no pits within that scan
range. This is a clear evidence of a cleaner surface in the p-i-n film compared to the p-n film. Still,

few pits and some particles were revealed in a larger-area scan.
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Figure 4. Optical, SEM and AFM images of p-i-n film.

HIM analysis of the p-i-n film is shown in figure 5. HIM surface imaging of p-i-n surfaces
was performed at the same working distance and beam current as applied for the p-n sample. The
scan sizes between 250 um and 1.3 um at different locations supports the observation from SEM

and AFM that the concentration of pits is greatly reduced. The growth mode appears to be layer-
by-layer.

Figure 5. HIM images of p-i-n film surfaces.



Thus, the p-i-n films showed a smoother morphology than p-n films. As mentioned above,
surface analyses of the p-i-n films of different intrinsic layer thicknesses showed nearly identical
morphologies. These p-i-n films with different intrinsic layer thicknesses were then fabricated as

completed devices.
Fabrication and characterization of single-junction p-i-n solar cells

The fabrication process for the p-i-n solar cells was the same as for the p-n solar cells
described in our previous work [28] except for the etching process for the different thickness of
the intrinsic layers. The flexible samples were pasted on a wafer and processed via lithography
and contact deposition. The ohmic contact nature of the fabricated samples was tested using
Transmission Line Method (TLM). The TLM characterization of the p-n solar cell is shown in
supplementary information. The specific contact resistivities of n- and p-type contacts were 1.5 x
104 Qcm? and 9 x 1075 Qcm?, respectively. Comparing with the p-n device, a lower contact
resistance (12Q in p-n and 1.35Q in p-i-n) and sheet resistance (360€2/sq in p-n and 31.3Q/sq in
p-i-n) were observed for the p-i-n device film. This is attributed to a smooth p-i-n surface with

negligible surface pits and particles compared to the p-n surface.

After measuring the TLM, the solar cell efficiencies were measured from J-V curves. An
NREL-calibrated Oriel 200 series solar simulator at 1 sun was used to obtain illuminated J-V
behavior. Figure 6 shows the illuminated curve for p-i-n solar cells with intrinsic layer thicknesses
of 250 nm, 500 nm, 1000 nm, 1500 nm and 2000 nm. The parameters obtained from the J-V curve

is shown in table 1. All devices were measured after the initial stage of device fabrication.
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Figure 6. Illuminated J-V characteristics of the fabricated p-i-n GaAs solar cells with
different intrinsic layer thicknesses.

Table 1. Ve, Jsc, FF and i of p-i-n solar cells with different intrinsic layer thicknesses

Intrinsic layer Voc Jsc Fill Efficiency

thickness (nm) (mV) (mA/cm?) | Factor (%)
(%)

250 334 13.8 0.51 2.8
500 568 14.7 0.67 5.7
1000 615 17.4 0.71 7.6
1500 564 15 0.63 5.6
2000 567 13.2 0.66 5.0

As observed from the above J-V curves in figure 7 and table 1, the Voc, Jsc, FF and n
values all followed certain trend as the thickness of the intrinsic layer was varied. The best result
is observed for the intrinsic layer thickness of 1000 nm. Figure 8 shows the variation of Voc, Jsc

and FF values for different intrinsic layer thicknesses.
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Figure 7. Variation of Jsc, Voc and FF of p-i-n cells with different intrinsic layer thicknesses.

As observed from figure 7, the Jsc increased as the intrinsic layer thickness increased from
250 nm; it reached a maximum value at 1000 nm and then decreased for thicker intrinsic layers
(1500 and 2000nm, respectively). As explained previously, the lower Jsc for the thinner base is
due to insufficient absorption of light. As the thickness increases, the absorption increases initially
then decreases for thicker intrinsic layers due to increased defects (low carrier lifetimes in thicker

base limit the diffusion length). The open circuit voltage and fill factor is maximum for 1000 nm



and minimum for 250 nm intrinsic thicknesses. This effect can be explained from dark I-V

characteristics for different intrinsic layer thicknesses.
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Figure 8. Dark I-V characteristics of the fabricated p-i-n GaAs solar cell.

Figure 8 (a) shows the log-scale plot of the dark I-V curves of p-i-n cells with different
intrinsic layer thicknesses, and 8 (b) shows the same plot with the component of forward-biased
dark current. The dark curve in the forward-biased case comprises of two regions (i.e., the lower
voltage and higher voltage regions) distinguished by the indicated vertical line. The performance
can be approximated by two diodes in parallel with parasitic resistance Ry and can be expressed

as,

Jaarc(V) = Jon [expla ( 022 } 1] — o, [expla ( oty - 1)

where Jy; and J, are the saturation current densities (recombination component) at higher
and lower voltage regions, respectively. T is the operating temperature (25 °C for standard solar
cell test condition), q is electronic charge, and k is Boltzmann’s constant. In the low-voltage region,
the second diode with the 2kT component dominates, and in the high-voltage region, the first diode
with the 1kT component dominates. The low-voltage region in the forward-bias case gives
information on the recombination at the space charge region (SCR), and the high-voltage region
gives the information on recombination at the quasi-neutral region (QNR). The leakage current
calculated from the dark I-V plot for different intrinsic layer thicknesses is tabulated in table 2

below.

Table 2. Leakage current (Ip) of p-i-n solar cells with different intrinsic layer thicknesses.

Intrinsic layer 250 500 1000 1500 2000
thickness (nm)




; - . -4 -
Leakage current 4x103 2 x 1()3 8 x 105 1x10 6 x l();
(o) (mA)

From the above table 2, it is seen that a leakage current in the range of 10> mA was obtained
for a cell with an intrinsic layer thickness of 1000 nm, whereas it is two orders of magnitude higher
for a cell with an intrinsic layer thickness less than 1000nm. For a cell with an intrinsic layer
thickness of 1500 nm, the leakage current increases by an order of magnitude compared to the
1000 nm cell. The leakage current decreases in the cell with an intrinsic layer thickness of 2000
nm. To understand the trend in the leakage current due to the intrinsic layer thickness, the dark
current-voltage curve was fitted with a double-diode model, as explained in the above equation.
The double-diode fit at the forward-voltage region for an intermediate intrinsic layer thickness of

1000 nm and thickness of 250 nm is shown in figures 10 (a) and (b), respectively.
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Figure 9. Forward-bias component of dark curve fit.
Table 3. Saturation current density from double-diode fitting.
Intrinsic Layer 250 500 1000 1500 2000
thickness (nm)
Jo1 (A/cm?) 2.3x10”° 2.6x10° | 3.9x10-1° | 5.8x10° | 2.5x10°
Jo2 (A/cm?) 6.3x1077 4.4x10% | 3.1x10° | 1.42x10% | 1.1x108

Table 3 shows the extracted saturation current density obtained from the fit for different
intrinsic layer thicknesses. From the double-diode fit in figure 9(a), the extracted values of J,; and

J,, for an intermediate intrinsic layer thickness of 1000 nm are 3.9x10-'° A/cm? and 3.1x107



A/em?, respectively. As observed from the leakage current, for an intrinsic layer of thickness 250
nm, the leakage current is two orders of magnitude higher than that of the cell with 1000 nm
intrinsic layer thickness. This can be explained from the above-mentioned fact (illuminated J-V
showing lower current) that the field generated within the intrinsic layer of thickness 250 nm is
not sufficient to deplete the photo-generated charge carriers generated. So, these charge carriers
recombine before collection, causing higher leakage. The forward-biased region of the dark curve,
as shown in figure 9 (b), also supports the higher recombination mechanism with the intrinsic layer
thickness of 250 nm. From the double-diode fit in figure 10 (b), the extracted value of J,; and J,
values for a thinner intrinsic layer of 250 nm are 2.3x10 A/cm? and 6.3x10"7 A/cm?, respectively.
The value of J,; is one order of magnitude higher, and the value of J,; is two orders of magnitude
higher than that for intrinsic layer thickness of 1000 nm. This clearly shows that the recombination
in the space-charge region and the quasi-neutral region is higher for an intrinsic layer thickness of

250 nm.

We observed a similar trend for an intrinsic layer with a thickness of 500 nm. The J,; and
Joo values were 2.6x10°A/cm? and 4.4x108A/cm?, respectively. The value of J, is thus
comparable to the cell of 250 nm thick intrinsic layer, whereas the value of J,, is one order of
magnitude higher than the 1000-nm thick layer cell and one order of magnitude lower than the 250
nm thick layer cell. Thus, the recombination in SCR for 500 nm thick layer cell is higher than that
of the 1000 nm thick layer cell but lower than that with the 250 nm thick layer cell. This is

supported by the fact that the leakage current follows the trend.

As the thickness of the intrinsic layer increases from 1000 nm to 1500nm, the charged
defects increase, which reduces the net electric field in the region and increases recombination.
This fact is also supported by higher values of Jo; (5.8x10°A/cm?) and Jo, (1.42x10-8A/cm?) for
the 1500 nm thick layer cell compared to the 1000 nm thick layer cell, resulting in higher leakage.
When the intrinsic layer thickness increases to 2000 nm, the net electric field increases, which is
higher than in the cell with intermediate layer thickness. However, recombination due to the
charged defects increases. Due to this trade off, a lower leakage was observed but with reduced
current in the cell with an intrinsic layer thickness of 2000 nm. Careful comparison of the low-

voltage region on the forward-biased side shows that the value of Jo, is higher (1.1x10-¥ mA/cm?)



for the 2000-nm-thick intrinsic layer compared to the 1000 nm thick layer (3.1x10° mA/cm?),

indicating higher recombination occurring at the space-charge region.

Therefore, the optimal thickness for the intrinsic layer is 1000 nm, since the cell with this
thickness exhibited the lowest leakage current and high values of Vo, Jsc, FF and n. To further
enhance the device efficiency, p-i-n solar cells with this intermediate thickness (1000nm) of the

intrinsic layer underwent further steps of device fabrication (cap layer removal/passivation and
ARC).
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Figure 10. (a) [lluminated and (b) dark current-voltage characteristic of a p-i-n solar cell with a
1000-nm intrinsic layer at each step of device fabrication.

Figure 10 shows the illuminated J-V characteristic for a fabricated p-i-n solar cell with an
intrinsic layer thickness of 1000 nm at three different stages of device fabrication. For cap layer
removal, a 1:1 mixture of citric acid (C4HgO7) and hydrogen peroxide (H,0,) at room temperature
was used. After cap layer removal, the Jsc of solar cell increased from 19mA/cm? to 21.2mA/cm?,
whereas the leakage current remained the same. To further enhance the current density by
minimizing the surface reflection, ARC was deposited. Zinc sulfide (48 nm) and magnesium
fluoride (96 nm) were used as ARC for consistency with p-n solar cells. The short circuit current
density further increased after ARC coating from 21.2 to 27.6 mA/cm?, keeping the leakage current
constant. Table 4 provides details regarding the extracted parameters for solar cells at three
different stages of device fabrication. The fill factor of the solar cell at different stages of device

fabrication remained almost constant. The leakage current also remained almost constant with a

value of 5x 10 mA.



Table 4. 1,, Voc, Jsc, FF and n of solar cells at the initial stage of fabrication, after cap layer
removal and after ARC application.

Stage of Device Voc Jsc Fill Efficiency Leakage current
Fabrication (mV) | (mA/cm?) Factor (%) (Io) (mA)
(%)
As Fabricated 633 19.2 0.71 8.5 5x10°3
Cap Layer Removed | 633 21.2 0.71 9.6 5% 107
ARC Applied 653 27.6 0.73 13.2 5x 107

An efficiency of 13.2% was obtained for p-i-n solar cells with an intrinsic thickness of
1000 nm. To better understand the p-i-n stack, a cross-sectional TEM analysis was performed. We
used a p-i-n solar cell device with an optimized intrinsic layer thickness of 1000 nm. The results

were compared from analysis of a p-n sample.
Transmission electron microscopy analysis of p-i-n and p-n solar cell stacks

Samples for cross-sectional TEM were prepared using FEI 235 dual beam focused ion
beam system. Transmission electron cross-sectional imaging was carried out using a JEOL JEM
2000FX microscope at 200 keV. Figure 11 shows the complete architecture of p-n and p-i-n
samples starting from the germanium buffer. The multilayered architecture consists of germanium,
semiconductor buffer comprising of 2-pum undoped GaAs/ 30period of superlattice (GaAs, Snm/
InGaAs, Snm)/ 1.2um of undoped GaAs/ 30period of superlattice/ 1.2um of undoped GaAs, and a
single-junction solar cell stack with p-n and p-i-n solar cell structures (active layer). A high density
of defects was observed in the germanium film, starting from the Cerium Oxide (CeO,) /
Germanium (Ge) interface, which is due to a 4.2% lattice mismatch between the two layers as
previously discussed [26, 33, 34]. The cross section analyzed by TEM shows that the incorporation
of the strained layer superlattice reduces the density of threading dislocation on both the p-n and
p-i-n structures. This commonly-used technique including a strained layer superlattice is capable
of bending over the dislocation lines, creating barriers against the dislocation [35, 36]. As observed
from the image, many dislocations are terminated or reflected at the superlattice, which result in a
low dislocation density in the upper part of film above the superlattice. The active region
comparison between the p-n and p-i-n shows that the active region of the p-i-n GaAs is relatively

clean with fewer defects.
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Figure 11. TEM analysis of cross-sections of the p-n and p-i-n devices.

The above TEM analysis showed that cleaner surfaces with less defects are obtained via
introduction of an intrinsic layer in p-i-n type solar cell structures in comparison to p-n. The
dislocations observed in the p-n and p-i-n structures act as a potential diffusion path for the
dopants. To analyze the elemental species and diffusion of dopants, if any, time-of-flight

secondary ion mass spectroscopy (TOF SIMS) was conducted on both p-n and p-i-n samples.
Time-of-Flight Secondary Ion Mass Spectrometry analysis for p-i-n and p-n films

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) was used to determine
elemental species present in p-n and p-i-n device films. TOF-SIMS measurements in this study
were performed using TOF.SIMS.5 NSC instrument (ION.TOF Gmb). Bi;* liquid metal ion gun
(energy 30 keV, current 30 nA and spot size 5 um) was used as a primary source scanned over an
area of 100 x 100 pum for extraction of the secondary analyte ions. An additional Cs* ion gun
(energy 1 keV, current 75 nA and spot size ~25 um) scanned over 300 x 300 um was used as a
sputter source for depth profiling. A time-of-flight mass analyzer was operated in positive ion
detection mode and enabled mass resolution m/Am=2,000 - 10,000. Measurements were
performed in a non-interlaced mode, where each analysis scan with Bi;™ were followed by 5 s of

the sputtering with Cs*. Chemical data was further averaged in the x-y direction and represented



as 1D depth profiles for different chemical elements (e.g., Ga*, Al*, As™). Depth calibration was
performed using know structure of the sample (thickness of different layers) and assuming constant

sputter rate within chemically uniform layers.
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Figure 12. Depth profile analysis of elements in p-n (a) and p-i-n (b) films. Comparison
of Zn profiles in p-n and p-i-n films are shown in (c)

Figure 12 (a) shows the depth profile of gallium, arsine and zinc down to 2500 nm in p-n
films. Gallium and arsine appear throughout the etch depth, whereas the zinc distribution starts at
around 80 nm (at n* GaAs) and stays constant to 800 nm (at p GaAs/base), after which its intensity
increases to a depth of 850 nm (at p GaAs/base). From depths of 850 nm to 1970 nm (at p™* GaAs),
the Zn level remains constant and then the intensity decreases. This shows that a small amount of
zinc is diffused in the emitter region from approximately 60 nm to 133 nm of the depth. Thus, this
disturbs the p-n junction region (i.e., the depletion width decreases with decreases in the effective

electric field) leading to lower V. The error margin of depth determination is £5 nm.

Figure 12 (b) shows the depth profiles of a p-i-n device film. The gallium and arsine
distribution are similar to the p-n cell. The zinc distribution starts at depth of 1080 nm, which is

almost the depth of the intrinsic layer. This demonstrates absence of the zinc diffusion above or



into the intrinsic layer, which means that this layer stops the diffusion process. The zinc
concentration increases from 1080 nm (approximately after intrinsic layer) and saturates after 1130
nm (after p-GaAs) up to 2400 nm. Figure 12 (c) shows the comparison between the zinc
distribution depth profiles in p-n and p-i-n devices. It explains why leakage current in the case of
a p-n junction (~10mA) is higher than that of a p-i-n junction (~10->mA). In the case of a p-n
junction, due to the diffusion of the p-dopant (zinc), the effective depletion width (electric field)
decreases, which increases the tunneling current near the depletion layer and causes more leakage.
With an optimized thickness of the intrinsic layer, the diffusion of species completely stops and
leads to an overall improvement in device efficiency. Further, to understand the absorption

difference in the p-n and p-i-n devices, the photoelectric response was analyzed.
Photoelectric response of p-n and p-i-n solar cells

The photoelectric response of p-n and p-i-n solar cells under zero bias and up to the
wavelength of 700 nm is shown in figure 13. In p-n solar cells, the photocurrent increases with
wavelength and reaches its maximum at a wavelength of 550 nm. Then, it remains constant until
600 nm and rapidly decreases. In p-i-n solar cells, the photocurrent increases with wavelength and
reaches its maximum at 660 nm. Then, it remains constant until 700 nm. The maximum photo-
response is found to increase to longer wavelengths in the case of the p-i-n solar cell structure. The
current response for both p-n and p-i-n structures at the lower-wavelength region is due to

insufficient extraction of carriers in window and emitter layers.
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Figure 13. Photoelectric response for p-n and p-i-n solar cells.



The constant photo response at longer wavelengths is attributed to the longer carrier
lifetimes in p-i-n solar cells compared to p-n solar cells. This point is also supported by the fact
that the current density for p-i-n solar cells is higher than that of p-n solar cells. Thus, the overall

efficiency of p-i-n solar cells exceeds the efficiency of p-n solar cells.
Conclusion:

In order to improve the device efficiency of single-junction GaAs solar cells on flexible
metal substrate, p-i-n structures comprising different intrinsic layer thicknesses (250 nm, 500 nm,
1000 mm, 1500 nm and 2000 nm) were grown. Data obtained from the J-V characteristic showed
that the cell with an intrinsic layer of thickness 1000 nm had the least leakage current with the
highest values of V. and J,. compared to cells with other intrinsic thicknesses. The solar cell
device with an intrinsic layer of thickness of 1000 nm was further processed (i.e., cap layer removal
and ARC) to achieve an efficiency of 13.2%. A comparison between the surface morphologies of
p-n and p-i-n solar cell devices using AFM, SEM and HIM revealed that p-i-n solar cells were
mostly free of pits and particles. SIMS analysis revealed diffusion of zinc in the p-n film, and that
the intrinsic layer was effective in stopping diffusion in the p-i-n film. This improved the leakage
current in the p-i-n film. The optical response of the p-i-n solar cell device with an intrinsic layer
of thickness 1000 nm showed less recombination and absorption at longer wavelengths compared
to the response of its p-n counterpart. In conclusion, p-i-n solar cells with an optimized intrinsic
layer thickness resulted in better morphology, device results, and showed a better pathway to

improve solar cell efficiency than p-n solar cells.
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