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of structural defects. It is common knowl-
edge that such defects will degrade device 
performance. There are, in general, two 
types of defects: point defects (PDs) and 
extended defects (EDs).[1–4] The former 
typically involve one or a few atoms in the 
following forms: substitutional or intersti-
tial foreign atoms, vacancies, antisites, or 
their complexes. In contrast, EDs, such as 
dislocations, can consist of thousands or 
more atoms that are misplaced from their 
regular lattice sites. Concerning their 
impact on device performance, although 
they differ in detailed electronic structure, 
an important point is that an ED exhibits 
much higher density of states than a mod-
erate level of PDs. Therefore, PDs tend 
to be more impactful for applications 

involving low carrier densities, and EDs are more detrimental 
for high carrier density applications, because the PDs can be 
saturated with high carrier density, but the EDs cannot.[5,6] 
In fact, the two types of defects often play competing roles 
in a device. For example, increased carrier density may lead 
to a larger carrier diffusion length, which in turn makes the 
adverse effects of EDs more severe, because the ED may 
sink a large number of carriers within the diffusion length.[5] 
Although PDs typically degrade device performance, EDs will 
not only have the same effect but they are also responsible for 
the fatal consequence, namely, device failure. Although empir-
ical connections between the degradation of GaAs semicon-
ductor lasers and the formation of so-called dark-line defects 
were observed decades ago,[7] it has recently been shown that 
a simple dislocation defect can indeed mutate into a far more 
detrimental dark-line defect under high-density optical injec-
tion conditions.[5]

Many characterization techniques are available to probe 
individual defects for both structure and properties, and are 
sometimes applied correlatively.[5,8–18] However, defect studies 
have typically been conducted in a parallel mode where the 
wafer is divided into multiple pieces for independent optical 
and structural characterization, and separate device fabrication 
and evaluation. Moreover, it is often highly challenging or even 
impossible to carry out operando characterization in devices 
at the individual defect level. These limitations explain the 
general lack of definitive understanding on the impact of indi-
vidual defects in operating devices. Specifically, it is generally 
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1. Introduction

The ultimate constraint for a solar cell or practically any semi-
conductor device to reach its theoretical performance limit is 
the quality of the active material, i.e., the inevitable presence 
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unclear: i) how individual defects affect device performance; 
ii)  how the impact depends on the device operation condi-
tions; iii) how the impact varies from one defect to another; 
and iv) how these variations are correlated to the microscopic-
scale defect structure. This type of knowledge would provide 
more definitive understanding of the defects, in particular for 
evaluating the need and possible strategies to remove them or 
mitigate their effects.

There were early attempts at correlative studies of disloca-
tion defects in GaAs ingots using Raman, photoluminescence 
(PL), electron-beam-induced current (EBIC), and transmis-
sion electron microscopy (TEM), but the defects in the ingots 
exhibited rather different behavior than in epitaxial layers, and 
the studies were performed with low spatial resolution.[19,20] 
Recently, we made a concentrated attempt to correlate PL 
imaging/chemical etching/scanning electron microscopy 
(SEM) imaging in CdTe epilayers, and found that etch pits, 
which are the result of the classical defect study approach of 
chemical etching, did not always match the dark spots vis-
ible in PL imaging.[12] Although the results of the PL imaging 
were somewhat better at reflecting the impact of defects in 
real devices, the PL process still did not reveal how the car-
riers were generated, injected, or extracted in real electronic 
or optoelectronic devices, such as transistors, photodetectors, 
solar cells, and LEDs.

This background of prior work has motivated a more com-
prehensive investigation, including optical, electrical, and 
structural characterization, all at the individual defect level.[21] 
In this work, we address the issues described above by taking 
a different approach, i.e., a series mode. Specifically, once a 
device is fabricated, individual defects on the device are identi-
fied. Then, the impact of individual defects is thoroughly ana-
lyzed by applying an array of correlative and spatially resolved 
techniques, including electroluminescence (EL), PL, micro-
Raman, and microscale illuminated current–voltage (I–V) char-
acteristics.[22] Finally, the atomic-scale defect structure for the 
same defects are determined using high-resolution TEM. It has 
been shown previously that defects may be modified or mutate 
during device operation[23] or under high density photoexcita-
tion.[5] This work investigates defects in their as-grown states by 
limiting the injection current and illumination light density to 
below the mutation thresholds, so that the native defect struc-
ture can be determined by TEM.

2. Results and Discussion

2.1. Optical and Optoelectrical Characterization  
of Individual Defects

Figure 1 shows a set of EL, PL, and Raman images and spectra 
obtained from a cluster of dislocation defects in the GaAs 
device from the region identified as #5-2 (see Figures A1 and 
A2 in the Supporting Information). EL is first used for a large-
area survey to identify potential EDs, which are visible as dark 
regions in EL images. A few likely structural defects, a group 
of three dark sites (A, B, and C) with visually different sizes, 
appear in the EL image Figure  1a, which is acquired under 
1.25  V forward bias. The comparison between the EL image 

and optical image Figure  1b excludes the possibility of the 
observed features in the EL image (marked as red dots in 
the optical image) being caused by surface blemishes that 
are visible only in the optical image but not in the EL image. 
The surface blemishes that are visible in Figure  1b are actu-
ally amorphous carbon-like parasitic depositions, and do not 
match the exact locations of the defects (see Figures A3 and 
A4 in the Supporting Information for more details). PL and 
Raman measurements are then used to further confirm the 
identity of the defect located from the EL image, because a 
dislocation defect tends to exhibit some distinct characteris-
tics in PL and Raman.[5,24] PL imaging is performed near the 
triplet, as shown in Figure  1c, and the PL spectra between a 
general site and the largest defect site (#5-2A) are contrasted 
in Figure  1d. These are measured under 5.6  × 104  W  cm−2 
excitation density (228 µW). As expected, the PL intensity 
from the defect site is much lower than from the defect-
free spot (1:7.7 ratio). The parasitic surface features actu-
ally enhance the PL intensity, which is not of interest to this 
work. However, surprisingly, the PL peak energy is found to 
be blueshifted from 868  nm at a general site to 863  nm at 
the defect site. This finding is not unique to this particular 
defect but quite common to many defects studied in this and 
other GaAs samples, although the amount of PL shift varies. 
One would probably expect a red shift in the PL peak energy 
at the defect site due to fewer available carriers to fill up the 
above bandgap states. Although the exact mechanism remains 
unclear, one possible cause could be the existence of a com-
pressive in-plane strain field near the defect. It was reported 
that neutron-irradiation induced defects resulted in a band-
gap blue shift in GaAs.[25] Figure  1e shows the Raman map-
ping result near the largest defect, with the Raman spectra 
from a defect-free site and the defect site shown in Figure 1f, 
measured under the same condition as for the PL mapping. 
The defect-free site shows two GaAs Raman modes: 296 cm−1 
for longitudinal optical (LO) mode and 268.4  cm−1 for trans-
verse optical (TO) mode, whereas the defect Raman reveals a 
sharper, stronger and redshifted LO mode at ≈293  cm−1 and 
a slightly weaker TO mode at 269.1  cm−1. At first sight, this 
finding is counter-intuitive, because one would intuitively 
expect the defect, exhibiting local structure distortion, to 
yield broader and weaker spectroscopy features. However, it 
has been concluded that the shift in frequency and change in  
intensity of the LO Raman mode are due to the difference 
in carrier density between the defect and defect-free sites,[24] 
because the above-bandgap excitation generates an electron 
plasmon and the measured Raman signal results from the 
coupled mode of the LO phonon and plasmon (LOPP).[26] Note 
that the intrinsic GaAs Raman modes are reported to be 268.1 
(TO) and 291.4 (LO) cm−1,[27] and our own measurements for a 
GaAs:Cr sample yielded 268.0 and 291.5 cm−1.

2.2. Effect on I–V Characteristics and Illumination  
Power Dependence

To quantitatively assess the impact of a defect, we com-
pare the I–V characteristics of the solar cell illuminated 
with a focused laser beam directed at a defect site and 
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at a  defect-free site, respectively, and varying excitation 
power. The results for defect #5-2A are summarized in 
Figure  2. First, Figure  2a compares the light and dark I–V 
curves for cell #5 as a whole. The dark I–V curve indicates 
a well-behaved diode characteristic. The light I–V curve is 
obtained using a solar simulator with a power density of 
850 W m−2, slightly below 1 sun, giving rise to Isc = 0.125 mA, 
Voc  = 893  mV, and Pmax  = 0.0892  mW (the maximum point 
of P  = I V). Based on the total active device area (the sum 
of all the strips) of 0.767 mm2 or PL  = 0.652  mW, the effi-
ciency of this small cell is η  = Pmax/PL  = 13.7%, and the fill 
factor is FF = Pmax/(Isc Voc) = 0.799. Next, Figure 2b–d depicts 

the results obtained using a focused laser under three laser 
powers (approximately changed over three orders in magni-
tude), PL = 213, 18.5, and 1.82 µW, respectively.

The key performance parameters, Isc, Voc, FF, and η, are 
obtained from the measured data, and tabulated in Table  1. 
The efficiency calculation for the focused beam is simpler 
than the macroscopic measurement, since the total illumina-
tion power is measured directly by a power meter (no need to  
calculate the illumination area). The efficiency would be 
40.8% higher if reflectance were corrected by multiplying 
with a factor 1/(1−R). All of these key parameters are degraded  
at the defect site, regardless of the illumination power level, 

Figure 1.  Correlative optical characterization of dislocation defects in a GaAs solar cell. a) EL image using the 50× LWD lens for an area of #5-2 
(Figures A1 and A2 in the Supporting Information), showing a cluster of defects; b) optical image of the same area of (a) where the red dots indicate 
the defect locations; c) PL mapping near the defect cluster using the 100× lens with a beam size approximately shown by the size of the red dot in (b); 
d) PL spectra from a typical defect-free location and the largest defect (#5-2A); e) Raman mapping near the largest defect (#5-2A); f) Raman spectra 
from a typical defect-free location and the largest defect in (e).
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but the extent of the degradation depends on the illumination 
density. Typically, the impact is more significant to Isc than to 
FF and Voc. For example, Isc is reduced by 67.6%, 61.3%, and 
58.5%, respectively, for the three power levels, and the corre-
sponding η reductions are 72.3%, 66.5%, and 68.2%. Because 
the laser spot size is much larger than the defect core, the I–V 
characteristic of the “defect site” actually reflects an average 
effect within the laser spot size which is comparable to the 
lateral carrier diffusion length in this device. These results 
provide quantitative assessment of the impact of an individual 
defect in a solar cell.

It is not straightforward to make direct comparison between 
the macroscopic and microscopic cell characterization, for 
example, between Figure  2a,b. The reason is that only a very 
small area is illuminated in the microscopic measurement, 
which is approximately equivalent to a circuit with one diode 
behaving as a solar cell and many parallel diodes under forward 

bias, or treating the whole nonilluminated area as the electrode 
area, thus, resulting in higher dark current.[22] This condition 
tends to reduce Voc and FF or distort the light I–V curve, as 
evident in Table 1, although to much lesser extent in the current 
device, because it has an overall lower dark current than other 
thin-film solar cells.[22] It is interesting that for the two higher 
laser powers, illuminating a defect-free site with a focused laser 
beam yields substantially higher efficiency than under uni-
form illumination of simulated sun light. One reason is that 
monochromatic irradiance on the long wavelength side of the 
solar spectrum can yield higher efficiency than the full solar 
spectrum under the same power.[28] Another consideration is 
that the high illumination density can saturate the nonradia-
tive recombination that is rather effective at low illumination 
density in GaAs,[6] thus boosting the photocurrent, and leading 
to overall higher efficiency, compared to distributing the same 
illumination power uniformly over the whole device area.

Table 1.  Summary of characterization results for defect #5-2A. The first row is for the macroscopic results of #5 as a whole, measured under approxi-
mate 1 sun (≈850 W m−2). The remaining rows are microscopic results measured using a diffraction-limit laser beam of 532 nm. The error bars are 
given as superscripts for the key parameters. The efficiency values in parentheses have been corrected for the reflectance loss.

PL [µW] Site Isc [µA] Voc [mV] FF η [%] I0 [pA] n Rsh [MΩ] Rs [10−3 Ω]

652 whole cell 125±0.2 893±0.1 0.799±0.003 13.7±0.1 (≈19.3) 0.778 1.83 4.75 0.90

213 defect-free 66.9±0.3 822±0.5 0.766±0.007 19.8±0.1 (27.9) 17.9 2.11 1.57 3.93
defect 21.7±0.3 762±0.5 0.708±0.02 5.49±0.1 (7.73) 20.1 2.15 0.356 3.82

18.5 defect-free 7.03±0.02 701±0.5 0.728±0.011 19.4±0.2 (27.3) 11.1 2.04 4.76 1.71
defect 2.72±0.02 655±0.5 0.674±0.022 6.49±0.16 (9.14) 7.88 2.01 2.08 6.43

1.82 defect-free 0.468±0.04 556±2 0.653±0.067 9.34±0.55 (13.2) 21.0 2.21 7.09 4.82
defect 0.194±0.04 510±8 0.546±0.146 2.97±0.44 (4.18) 5.11 2.05 5.08 2.83

Figure 2.  Impact of a defect on solar cell characteristics: left axes for I–V curves (discrete points are experimental data, black solid curves are fitting 
results), right axes for P–V curves (calculated from experimental data). a) Cell #5 illuminated under approximate one sun. b–d) Comparison between 
a defect-free site and defect site #5-2A, illuminated with a focused 532 nm laser beam under three laser powers.
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More insight into the effects of individual defects can be 
obtained from analyzing the measured I–V curves by fitting 
with a standard I–V characteristic model for a solar cell[29,30]
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where IL is the photogenerated current, I0 is the dark reverse 
saturation current, V is the photovoltage generated by the solar 
cell, n is the diode ideality factor (n = 1 for an ideal diode), Rsh is 
the shunt resistance (ideally infinity), and Rs is the series resist-
ance (ideally zero). Additionally, q is the electron charge, k is the 
Boltzmann constant, and T is the temperature in Kelvin.

Strictly speaking, because of the nonuniform illumination, 
Equation  (1) does not apply for the case of focused illumina-
tion. However, since the I–V curves under focused illumina-
tion appear similar to a typical well-behaved solar cell, they can 
be effectively fitted using Equation  (1). The fitting curves are 
plotted in Figure 2b–d, and show excellent agreement with the 
measured data. The effective n, Rsh and Rs values are obtained 
from the fitting, and are tabulated in Table 1. The values of Rs 
are very small (in the order of 10−3 Ω) for all cases. Quantitative 
comparison of I0 and n between either uniform and focused 
illumination or defect-free and defect site is not straightforward, 
other than noting that I0 is significantly larger for focused illu-
mination, as expected. A more important finding between the 
defect-free and defect sites is that the latter consistently yields 
lower shunt resistance under the same illumination power, 
and more so for higher illumination power. This trend can 
be explained as follows: first, the dislocation defect provides a 
shunt to the photogenerated carriers; second, the effect is more 
significant for high excitation density, because the effect of the 
point defects is saturated, and the dislocation defect becomes 
more prevalent. This understanding is consistent with our pre-
vious observations on the dependence of the effective impact 
area of a dislocation defect in quenching PL with varying excita-
tion density.[5,31]

Despite the measurement being conducted at one wave-
length, the results can provide useful insight to the impact of 
the defect if the device is illuminated by the full solar spectrum. 
Because a defect usually captures the photogenerated carriers 
after they relax to the band edge, to examine the impact of the 
defect, as an approximation, one can assume the same reduc-
tion in quantum efficiency, which can be calculated by (Isc/e)/
(P/hν), for all wavelengths above the bandgap. In a special case, 
if the whole solar spectrum illumination has the same number 
of above-bandgap photons as the single wavelength illumina-
tion, the effects are expected to be similar. Alternatively, one 
unit of power at 532  nm can yield the same number of the 
above-bandgap photons that 1.466 unit of power of solar spec-
trum (approximated by that of 6000 K blackbody) can provide.

2.3. Comparison of Different Defects

Different defects have different structure so their impact will 
be different. Thus, we compare several dislocation defects 
measured under the same conditions in terms of their PL, 
Raman, and I–V characteristics. Figure  3 compare the three 

neighboring defects, #5-2A, #5-2B, and #5-2C, as shown 
in Figure  2, and another defect, #5-3A, from area #5-3 (see 
Figures A1 and A2 in the Supporting Information). Figure 3a,b 
are respectively the PL and Raman mapping results near defects 
#5-2B&C, and Figure 3c,d are the same results for defect #5-3A. 
They are qualitatively similar to the corresponding results for 
#5-2A, Figure  2c,e. Figure  3e,f compares, respectively, the PL 
and Raman spectra of the four defects and the defect-free site. 
Attempt was made to select the location within each defect 
that yielded the strongest LO Raman mode intensity and also 
approximately the lowest PL intensity. Evidently, as shown in 
Figure  3e, PL peak positions of the GaAs peak are rather dif-
ferent for different defects, but all are blueshifted from the 
defect-free value: 858–867  nm or δE  = 17–2 meV relative to 
868 nm of the defect-free site. There is also some variation in 
the vicinity of each defect (not shown). Within #5-2A, #5-2B, 
and #5-2C, the amount of reduction in PL intensity seems to 
correlate with the visual size of the defect with the largest defect 
#5-2A, shown in Figure  1c, also exhibiting the most intensity 
reduction. Figure  3f compares the Raman spectra of the four 
defects. There is qualitatively an anticorrelation between the 
PL intensity and LO mode Raman intensity among the four 
defects, which can be qualitatively explained by the opposite 
dependences on the carrier density for PL and Raman.[24]

As shown in Figure 3f, the TO modes at the defect sites are 
slightly blueshifted (0.3–0.6  cm−1) relative to the defect-free 
site. Since the TO mode is not sensitive to the carrier density, 
the shift can be explained as the existence of compressive strain 
in the defective region, which is consistent with the blueshifts 
observed in PL, as shown in Figure 3e. Although a simple dis-
location defect may induce local strain, the effects are expected 
to be relatively weak: a less than 0.1 cm−1 shift of the LO model 
frequency.[32] Dislocations were reported to relax the TO selec-
tion rule (forbidden for (001) backscattering),[19,20] but this effect 
is minimal for the dislocation defects studied here, as evident in 
Figure 3e. These discrepancies are discussed later.

Figure 3g,h depicts their I–V characteristics under two illu-
mination powers (2.1 and 225 µW) for comparison between the 
four defects. The results for #5-2A are similar to those shown 
in Figure  2, although there are slight differences because 
the results of Figures  2 and  3 were from two measurements 
where the illuminated positions were not exactly the same. The 
severity of the impact is found in the order of A, B, and C, with 
A being the strongest for the three defects in area #5-2, whereas 
the impact for #5-2A and #5-3A are comparable.

It is of interest to compare the effects of the defect on the 
GaInP window layer. As shown in Figure  3e, #5-2A exhibits 
the lowest intensity in the GaInP PL, which suggests that if a 
defect has more negative impact on the absorber layer, it also 
tends to impact the window layer more. However, to the con-
trary, although #5-3A also causes a major intensity reduction 
of the GaAs PL (the second most reduced among the four 
defects), the intensity of the GaInP PL at #5-3A is not reduced 
but somewhat stronger. The contrast between #5-2A and #5-3A 
is actually related to the difference in defect structure, which 
is discussed later. We also notice that the GaP-like GaInP LO 
modes near ≈380 cm−1 [33] are blueshifted to different extent at 
the defect sites, which seems to suggest the window layer at the 
defect site is under tensile strain caused by the defect.
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Figure 3.  Comparison of different defects. a,b) PL and Raman mapping of defect #5-2B and #5-2C. c,d) The same for defect #5-3A. e,f) PL and Raman 
spectra of defect #5-2A-C and #5-3A, and a defect free site. g,h) The same in I–V characteristic under two illumination powers.
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We can further determine and compare the carrier den-
sities at different defect sites and the defect-free site by 
using the LOPP coupled mode method.[24] Figure  4 shows 
Raman spectra measured at different excitation powers from 
two defect sites, #5-2A and #5-3A, and one defect-free site, 
respectively, in Figure 4a–c. Figure 4d plots the extracted car-
rier (electron) densities of the three sites. The TO and LO 
frequencies vary slightly between the defect-free site and 
the defect site, due to strain at the defect site. Even for the 
defect-free site, they are also slightly different from the litera-
ture values,[27] possibly due to residual strain in the epilayer. 
The coupled mode frequency depends on the TO and LO 
frequencies at zero carrier density. We take (TO) 268.4 and 
(LO) 291.8 cm−1 for defect-free site, 268.8 and 292.3 cm−1 for 
defect #5-2A, and 268.7 and 292.2  cm−1 for defect #5-3A, by 
taking into account the δωLO ≈ 1.2 δωTO for the bi-axial strain 
induced shifts,[34] We use the LOPP mode peak position to 
determine the carrier density,[26] instead of a more accurate 
method—fitting the whole Raman peak line-shape,[27] because 
the interference of the GaInP Raman signal makes it difficult 
to unambiguously isolate the GaAs LOPP mode in the spectra 
under high excitation power, see Figure  4a. There is slight 
heating at the high laser power points, causing a small red-
shift in Raman frequency. The shift in the TO mode is used 
to correct for the shift in the LO mode. Evidently, as shown 
in Figure 4a,d, there is a background electron density at the 
defect-free site under the lowest excitation density, about 
7 × 1016 cm−3. This value can be explained as the background 

electron density of the emitter layer that was doped to a 
much higher level, but the carriers are partially depleted by 
the surface and trapped by PDs. However, at the defect sites, 
the electrons in the emitter layer are mostly depleted by the 
dislocation defects, to the level that cannot be determined 
reliably using this method (the variation between 200 and 
600 µW region reflects the uncertainty); and even under high 
excitation the electron densities remain much lower than the 
defect-free site, as shown in Figure 4b–d.

2.4. Structural Characterization of Individual Defects

After optical and optoelectronic characterization of indi-
vidual defects was completed, the defect locations were care-
fully noted, typically with respect to nearby recognizable 
surface features, so that they could be located again using 
the SEM in the dual-beam FIB system. Multiple defects were 
investigated. Here we highlight results for two of them: 
#5-2A and #5-3A.
Figure  5 shows low magnification TEM and atomically 

resolved STEM images for #5-2A. The PL image in Figure  1c 
indicated that this defect was laterally more extended than 
most of the others. A thin slice of the specimen was extracted 
from the device at the approximate location indicated on the 
PL image included with Figure  5a. Figure  5a reveals that this 
defect cluster is confined mostly to the GaAs emitter layer and 
penetrates only a short distance downwards into the GaAs base 

Figure 4.  Comparison of Raman spectra and carrier densities with varying excitation laser power for defect-free and defect sites. a–c) Raman spectra for 
the defect-free site, defect #5-2A, and #5-3A, respectively. Vertical dashed lines indicated the TO and LO frequencies at the low-density limit. d) Carrier 
densities at different excitation powers.
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(absorber) layer, but extends by more than one µm laterally. 
However, the GaInP window layer in this region seems to be 
free of defects. An enlargement is shown in Figure 5b. This is 
clearly a massive defect combining many separate structures. 
Some of these areas have been examined more closely. High-
resolution images were taken from the four areas indicated in 
Figure 5a. Areas 1 and 2 include the GaInP/GaAs interface. The 
structures of the area 1 and 2 are similar, as shown in Figure 5c 
for area 1, which indicates that the top region of the device 
(the GaAs contact layer and part of the GaInP window layer) 
is amorphized. The area 3, shown enlarged in Figure 5d–f, has 

a stacking fault, where the end of the stacking fault marked 
by a black square in Figure 5e ends in a 30° partial dislocation 
while the other end terminates in a 90° partial dislocation. An 
enlarged view of this area is given in Figure  5f. According to 
analysis of a HAADF STEM image of the same area (not shown 
here), the single atomic column at the core of the 30° partial 
dislocation (marked by the white arrow) is composed of arsenic. 
Area 4, as shown in Figure 5g,h, exhibits a 60° dislocation near 
the top of the image, and the extra half-plane of paired columns 
is indicated by the white line in Figure  5g. An enlarged view 
of this dislocation is shown in Figure  5h: the Burgers circuit 

Figure 5.  TEM images of defect #5-2A. a) Low magnification image of defective region; b) Enlargement taken from the area indicated by the yellow box 
in (a). c–h) High-resolution images of areas indicated in (a): c) from area 1; d–f) from area 3 with different magnification, where in e) the end of the 
stacking fault marked by a black square ends in a 30° partial dislocation while the other end terminates in a 90° partial dislocation, and in f) enlarged 
view of the area marked by the black square has a single atomic column of arsenic atoms at the core of the 30° partial dislocation (marked by white 
arrow). g,h) From area 4: g) 60° dislocation near top of the image. The extra half-plane of paired columns is indicated with a white line. h) Enlarged 
view of 60° dislocation in (g). Burgers circuit is shown in white with the resulting Burgers vector shown in red; the extra half-plane is marked in black.
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is shown in white, with the resulting Burgers vector shown in 
red. The extra half-plane of atoms is marked with the black line.
Figure  6 shows the results of microscopic characterization 

of defect #5-3A, which is structure-wise distinctly different 
from #5-2A. In the optical image of the device (Figure A6, 
Supporting Information), there is a white spot right next to 
the EL dark spot. The low-resolution TEM image in Figure 6a 
reveals that the white spot corresponds to a pit-like feature 
in GaAs near the device surface which is covered over by the 
GaInP window layer, while the dark spot in the EL map is 
caused by the defect cluster adjacent to the pit. This defect 
cluster extends mostly along {111}-type directions from the sur-
face of the solar cell down into the absorber material for at least 
2 µm, but not all the way through to the back-surface confine-
ment layer. However, it is far less extended laterally compared 
to #5-2A. It includes many structural defects, which are mostly 
concentrated in the top 1-µm of the absorber layer. Figure 6b is 
a HAADF image showing a major intersection of defect clus-
ters and Figure  6c is a corresponding LABF image taken at 
higher magnification. Figure 6d is a LABF STEM image of the 
area in white square in Figure 6c, showing a single 30° partial 
dislocation that terminates an intrinsic stacking fault. The dis-
location type is identified in Figure  6d by drawing a Burgers 
circuit around the defect, as shown by the yellow arrows. The 
resulting projected Burgers vector is indicated by the red arrow. 
The extended stacking fault is terminated by a single, unpaired 
atomic column indicated by the white circle in the figure, which 
is identified as corresponding to As.

The region near the surface pit visible in Figure 6a was also 
examined for defect structures, with some of the results shown 
in Figure 7. Figure 7a is a low-magnification LABF image from 
the edge of the pit, with Figure  7b giving an enlarged view of 
the white square in Figure  7a. Two locations in Figure  7b were 
examined more closely at higher magnification. Figure  7c is a 
LABF-STEM image of location 1 containing a perfect 60° dislo-
cation, but no associated stacking fault. An additional plane of 
atomic columns, often termed a half-plane, is marked by the 
white line. Figure 7d is a LABF- STEM image of location 2 where 
lines of strain contrast intersect resulting in a Lomer dislocation. 
The Burgers circuit drawn to identify the defect is shown with 
yellow arrows, and the resulting Burgers vector is indicated by 
the light blue arrow. Lomer dislocations are commonly associ-
ated with two extra atomic planes, indicated in the figure with 
red lines, which terminate at the dislocation core. Figure 7e is an 
enlarged view of the dislocation core with the approximate loca-
tions of individual atomic columns marked by yellow dots. The 

Figure 6.  TEM images of defect #5-3A. a) Low magnification image of 
defective region (note the triangular-shaped pit beneath sample sur-
face adjacent to the defect cluster); b) HAADF image, and c) LABF 
image, showing major intersection of stacking defects and dislocations.  
d) Aberration-corrected LABF STEM image of an intrinsic stacking fault 
terminated by a 30° partial dislocation as identified by the Burgers′ 
circuit shown in yellow. Single As atomic column (circled) at the defect 
core.

Figure 7.  TEM images of defects in the vicinity of the surface pit adja-
cent to defect #5-3A. a) Low-magnification LABF image showing defects 
along the edge of surface pit visible in Figure  6a; b) enlargement from 
the boxed region in (a); c) aberration-corrected LABF image from boxed 
region 1 in (b)  showing 60° perfect dislocation; d) aberration-corrected 
LABF image from boxed region 2 in (b) showing Lomer edge dislocation; 
e) enlarged view of Lomer dislocation shown in (d) with overlay showing 
location of individual atomic columns. Dislocation core shows classic 5- 
and 7-member ring structure.
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white lines in the image show the 5- and 7-member rings that are 
commonly associated with Lomer dislocations.[35]

Overall, these observations reveal that those defects showing 
major impact on optoelectronic performance (e.g., in terms of 
reduction in PL intensity and photocurrent) were most often 
associated with a cluster of EDs rather than a single ED, as 
had been previously assumed.[5] In addition to the two EDs 
discussed in detail above, further examined defects supported 
this conclusion (see, for instance, another example shown 
in Figure A7 in the Supporting Information). These findings 
explain why the phonon frequency shift observed at the defec-
tive region, presumably associated with the defect induced 
strain, tends to be larger than that expected for a simple disloca-
tion.[32] Although we did not observe significant change of the 
TO mode intensity at the defect site, as one would have expected 
resulting from relaxation in selection rule due to defect induced 
disordering,[19,20] we do observe a strongly enhanced TO Raman 
mode at the location of the pit, as shown in Figure 6a, which has 
{111} like surfaces for which TO Raman scattering is allowed.

Each defect cluster was unique, yet sharing common char-
acteristics. Visual comparison of the different defect clus-
ters showed that every cluster was dominated by a collection 
of extended {111}-type stacking faults, mostly located near the 
top of the device in the GaAs emitter and absorber layers. 
These defects typically initiate within the absorber layer at 
around 0.5–1.5 µm from the lower GaAs/GaInP interface, and 
pass through the GaAs emitter and the GaInP window layer, 
which is in contrast to the common belief that such disloca-
tion defects originate from the substrate that happens to have 
comparable defect density. However, one defect cluster (#5-2A), 
with relatively short stacking faults, remained mostly confined 
to the GaAs emitter layer, leaving the GaInP window layer free 
of defects, and only extended down into the GaAs absorber 
layer over a short distance (≈0.25 µm). It might seem counter 
intuitive that GaInP PL signal is weaker from the nondefective 
GaInP site (#5-2A) than the defective GaInP site (#5-3A), as 
shown in Figure 3e. The reason could be that the carriers in the 
former case are mostly captured by the underneath defect in 
the GaAs layers, whereas in the latter case the carriers are local-
ized to the GaInP layer itself.

Individual defects in each cluster were comprised primarily 
of 30° and 90° partial dislocations associated with intrinsic 
stacking faults, and it was possible in some cases, to identify 
the chemical species of individual atomic columns at the core 
of 30° partial dislocations. Although partial dislocations were 
associated with each defect cluster with long stacking faults, 
60° perfect dislocations and Lomer dislocations were also iden-
tified in the comparatively shallow defect cluster adjacent to 
the surface pit. Lomer dislocations with localized strain con-
trast were revealed at locations where two {111}-type stacking 
faults intersected. The other defect clusters exhibited far fewer 
of these intersections and no Lomer dislocations were present 
in those clusters.

We note that the lateral extensions of the defects identified in 
these epitaxially grown solar cells are much smaller than the dislo-
cation defects observed in GaAs ingots, which are intended to be 
used as substrates, with lateral sizes in the order of 100 µm.[19,20] 
Moreover, dislocation defects originated from the substrate, e.g., 
in SiC,[18] are often found to be much larger in lateral size.

3. Concluding Remarks

This study provides unique insights for both fundamental 
understanding of defect physics and practical knowledge of the 
adverse effects of defects at the single defect level. For GaAs 
solar cells investigated in this work, it has been shown that the 
most detrimental extended defects identified optically are usu-
ally not in the form of a simple dislocation. Instead, each con-
sists of multiple adjacent dislocations, and furthermore each 
dislocation defect is a complex array of different types of dislo-
cations. In contrast to the common belief that the dislocations 
are generated from the substrate, the studied defects are all 
located in the middle of the epitaxial layer with total thickness 
of a few micrometers. In fact, the defects found in the epilayer 
are rather different from those in substrates reported previ-
ously. The impact of the dislocation defect on the solar cell 
performance parameters tends to be more significant at higher 
illumination density, because of the competing roles of point 
and extended defects. In addition to reduction in photocurrent 
and open-circuit voltage, the dislocation defect also reduces 
the shunt resistance, due to enhanced recombination loss 
through the defect states. The degree of impact varies signif-
icantly among different defects, and the trend is mostly con-
sistent between the spectroscopy signatures (e.g., PL intensity) 
and optoelectrical characteristics (e.g., I–V characteristics). The 
defect structure revealed can be used as guidance for the future 
electronic structure modeling of practically relevant defects. 
Future efforts will probe devices under high injection current 
or high illumination density to induce structural modifications 
of the defects, and investigate the effects.

4. Experimental Section
The GaAs solar cell used in this study consisted of many independent small 
cells (named as #1, #2, etc.). Each small cell consisted of multiple active 
regions (labeled as #5-1, #5-2, etc.) that were separated by the top electrode 
fingers. The details of the device layout are given in the Appendix (see 
Figure A1 in the Supporting Information). The cell structure contained, from 
top to bottom, an 80-nm n-type GaAs contact layer doped to ≈5 × 1018 cm−3; 
50-nm n-type GaInP window layer and 40-nm n-type GaAs emitter layer, 
both with a doping level ≈1018 cm−3, 3-µm p-type GaAs absorber layer and 
50-nm p-type GaInP back-surface confinement layer, both with a doping 
level ≈7 × 1016 cm−3; 80-nm p-type GaAs buffer layer, then p-type (001) GaAs 
substrate. Two Au contact electrodes were deposited onto the topmost and 
bottommost layers. The n-type GaAs contact layer was etched away from 
the active areas. No antireflection coating was applied. The reflectance at 
532 nm was measured to be R = 0.29.

Optical and electrical measurements were performed using a modified 
Horiba LabRam HR 800 Raman microscope. Micro-Raman/PL spectroscopy 
and mapping were conducted with a 100× lens of NA = 0.9, using a 532-nm 
laser with its power tunable by changing current and/or inserting neutral 
density filters. The power was measured using a calibrated Thorlabs 
power meter. EL was powered by a DC power supply, imaged by the video 
camera of the Raman microscope with a 50× long-working distance (LWD) 
lens with NA = 0.5. The laser-beam-induced current (LBIC) imaging was 
obtained by scanning the laser focused with the LWD lens. Microscopic 
I–V characteristics were measured using a Keithley 2401 Source Meter Unit 
with a focused laser beam. Macroscopic I–V for the device as a whole was 
measured using a Keithley solar simulator.

GaAs epilayers grown under similar conditions were found to have 
very low dislocation-type defect densities, on the order of 102  cm−2 or 
1 mm−2.[5] In the past, low-magnification PL imaging system was typically 
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used to first identify the approximate location of an individual defect in 
the GaAs layer of the bare GaAs/GaInP double heterostructure, then 
high-resolution PL mapping was used to determine its accurate location, 
followed by detailed optical studies.[5,31] However, the GaAs active or 
absorber layer in the fabricated device yielded much weaker PL signal due 
to the minority carrier depletion effect of the p-n junction, which made it 
difficult to find any significant defect in this device using PL imaging. EL 
imaging was instead used in this study, since it provided higher sensitivity 
and efficiency in locating isolated defects that were actually detrimental to 
the photogenerated and electrically injected carriers. Once a likely defect, 
typically visible as a dark spot in the EL image, was identified, Raman and 
PL mappings were carried out near the EL dark spot to confirm that the 
identified feature was indeed a genuine structural defect of the absorber 
layer, as opposed to some other irregularity (e.g., processing-induced 
blemish on the device surface), because the defect of interest has unique 
spectroscopy features. By analyzing the measured microscopic I–V curves 
obtained by separately focusing the 532-nm laser beam at the defect site 
and away from the site, the impact of the individual defect was able to be 
directly assessed on the key solar-cell performance parameters, including 
short circuit current Isc, open circuit voltage Voc, fill factor FF, shunt 
resistance Rsh, and energy conversion efficiency η. After multiple defects 
on one device were fully characterized, both optically and electrically, and 
with their locations precisely measured relative to recognizable features 
nearby, the devices were then examined by TEM.

A FEI Nova 200 NanoLab focused-ion-beam (FIB) system, also 
equipped with a SEM, was used to prepare cross-section samples 
with sub-micrometer precision for TEM observation. Specimens were 
prepared for observation in [110] projection to enable clear identification 
of any structural defects present in the devices. After thinning to electron 
transparency at 30 keV, the FIB was further used at 5 keV to remove any 
remaining amorphized material. For better defect visibility, the specimens 
were further milled using a Precision Ion Polishing System (PIPS) 
operated at 1.8 keV, with the sample cooled to liquid-nitrogen temperature 
to minimize ion-milling artefacts. A Philips CM200-FEG high-resolution 
TEM, operated at 200 keV, was used for initial imaging. Atomic-resolution 
images were taken with an aberration-corrected scanning transmission 
electron microscope (AC-STEM) JEOL ARM200F operated at 200 kV. The 
beam convergence angle was set at ≈22 mrad, while the image collection 
angles were 0–22 mrad for large-angle bright-field (LABF) imaging and 
90–150 mrad for high-angle annular-dark-field (HAADF) imaging.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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