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Back-Contacted GaInP/GaAs LED Structures by
Ex-Situ Dopant Redistribution

Antti Myllynen , Seyed Ahmad Shahahmadi , Ivan Radevici, and Jani Oksanen

Abstract— Compound semiconductor devices utilizing
interdigitated back-contact (IBC) designs with a uniform
active region (AR) can enable a new generation of optoelec-
tronic devices with eliminated contact shading, reduced
resistive losses, and minimal current crowding. However,
appropriate lateral doping techniques for such devices are
not yet established. This work demonstrates selective-area
diffusion doping from an epitaxially grown dopant source
layer enabling the fabrication of GaAs-based light-emitting
diodes (LEDs) utilizing diffusion-driven charge trans-
port (DDCT) and the IBC design. The effects of dop-
ing and device dimensions are analyzed by comparing
current–voltage characteristics and electroluminescence
(EL) of laterally doped DDCT structures and control struc-
tures with several characteristic finger widths between
15 and 300 µm. Additional simulations confirm that the
DDCT structure enables effective carrier injection into a
buried AR outside the p-n junction. A current density of
1.25 A/cm2 was measured for the fabricated DDCT-LED with
15-µm wide fingers at a moderate bias voltage of 1.3 V.
The light emission from the DDCT-LEDs shows clear signs
of lateral current injection, improved current spreading,
and a tenfold increase in EL, when compared to control
structures specifically designed to validate the presence
of diffusion doping. These results indicate that diffusion
doping can enable the means to fabricate DDCT structures
with effective carrier injection into a uniform AR.

Index Terms— III-arsenide, diffusion doping, diffusion-
driven charge transport (DDCT), interdigitated back-
contacted (IBC), light-emitting diode (LED).

I. INTRODUCTION

DESPITE tremendous developments in compound semi-
conductor optoelectronics, the performance of conven-

tional light-emitting diodes (LEDs) and solar cells, where the
active region (AR) is sandwiched between the p-n junction,
is still limited by resistive losses, current crowding [1], [2],
and contact shading [3], [4]. Recent modeling works [5],
[6], [7], [8], [9] have suggested that all of these issues
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could be minimized with laterally doped devices utilizing
diffusion-driven charge transport (DDCT) [10] which enable
single-sided current injection into ARs located outside the p-n
junction. Furthermore, DDCT can facilitate, also for com-
pound semiconductors, the well-known interdigitated back-
contact (IBC) structure with uniform AR that provides the
most efficient single-junction silicon solar cells [11]. With
substrate removal, DDCT enables thin-film devices with near-
surface AR and completely exposed front surface for efficient
light extraction and absorption, enabling also, for example,
three- and four-terminal multijunction devices [12], [13] fully
based on III–V materials. As such, DDCT devices can reduce
the energy consumption of general lighting, increase the
energy yield of solar cells, and lead to new innovations in
emerging fields such as optical cooling [14], [15], [16], [17]
and waste heat harvesting through thermophotonics [18] and
thermophotovoltaics [19], [20].

Fabrication of compound semiconductor-based DDCT
devices is not established due to the unconventional device
structures and lack of appropriate lateral doping techniques.
So far, experimental studies on DDCT-LEDs have focused
merely on GaN devices [10], [21], [22], [23], [24], while
GaAs devices have been considered only theoretically [7],
[8], [9]. The first report of GaN-based DDCT-LEDs by
Riuttanen et al. [10] demonstrated the fundamental principle
of DDCT by injecting holes into AR through an n-GaN layer.
More recently, Kim et al. [22] proposed that n-contact of such
structure could be placed directly on a thin i-GaN layer low-
ering the barrier for hole injection, while Lee et al. [24] sug-
gested lowering the barrier with ion implantation. In this work,
we demonstrate the fabrication of back-contacted GaInP/GaAs
double-heterojunction LEDs, as considered in our previous
modeling work [7], and use drift-diffusion simulations to
show that extending the p-doped region over originally lightly
n-doped layers can reduce the barrier for hole injection despite
the presence of a lateral p-n junction in GaInP. These GaAs-
based devices, illustrated in Fig. 1(a), are enabled by ex-situ
dopant redistribution utilizing Zn diffusion from patterned
p+-GaAs layer.

II. EXPERIMENTS

Fig. 1(b) shows the epistructure used for DDCT and
control structures, whose cross sections are illustrated in
Fig. 1(c) and (d), respectively, grown on a p-GaAs substrate
with metalorganic vapor phase epitaxy (MOVPE) at 604 ◦C.
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Fig. 1. (a) Concept picture of a thin-film DDCT-LED from the contact side after substrate removal. The green p-well highlights the diffusion-doped
region under the p-mesa, while the blue square shows the cross section I, which is more closely illustrated in panels (c) and (d). (b) Epistructure
as grown with MOVPE where i-layers are unintentionally doped with background carbon. (c) Cross section of diffusion annealed DDCT-LED where
Zn has diffused toward i-GaAs AR from p+-GaAs layer and substrate. (d) Cross section of control structure without diffusion annealing having an
otherwise identical design with the DDCT-LED. Electron (blue) and hole (red) current paths are illustrated for the dominating current (solid line) into
AR and leakage current (dashed line) through the lateral p-n junction in the GaInP layer.

The control structure is specifically designed to validate the
presence of diffusion doping in the DDCT structures: the p-n
junction of the control structure is completely misaligned with
the AR, and the only way to transform the control device into a
properly working LED is by redistributing the highly diffusive
Zn dopants to form a laterally doped DDCT device studied
in [7] and [8]. The fabrication process for the devices is almost
identical and differs only in the silicon nitride encapsulation
and diffusion annealing which are only performed on the
DDCT structures.

First, a 300-nm-thick p-mesa, consisting of p-GaInP and
p+-GaAs top layers, is defined using an MLA-150 mask-
less aligner from Heidelberg with 405-nm laser exposure of
photoresist (AZ5214E) and selective wet etching. To protect
the surface of DDCT samples during diffusion annealing,
120 nm of silicon nitride (Si3N4) is deposited on both sides of
the samples with plasma-enhanced chemical vapor deposition
(PECVD) at 300 ◦C. Then, DDCT samples are placed between
two pieces of silicon wafer and inserted into an open quartz
tube furnace at room temperature before switching on the
heater elements of the furnace. This provides a slow heating
rate of ∼20 ◦C/min which should minimize thermal stress that
could lead to cracking of the Si3N4 film. Diffusion annealing

is performed for 4 h at 650 ◦C with N2 flow allowing diffusion
of Zn from p+-GaAs and the substrate toward the AR. After
annealing, the Si3N4 layer is removed with a buffered oxide
etch (BOE), and n-mesas are formed with lithography and
wet etching of the sacrificial i-GaInP and n-GaAs layers.
Contact openings on DDCT and control samples are defined
in the GaInP layers on top of both mesas so that the
uncontacted areas remain covered by GaInP. Electron beam
evaporation and metal lift-off are used to form AuZn/Zn/AuZn
p-contacts and Ni/AuGe n-contacts that are annealed with
rapid thermal annealing for 15 s at 300 ◦C with N2 flow.
This provides Ohmic contacts with specific contact resistivity
of 4.5 × 10−6 � · cm2 for n-contact and 3.4 × 10−5 � · cm2

for p-contact as measured with the transfer length method
(TLM) on contact test structures located elsewhere on the same
sample.

Table I shows the most important dimensions of the studied
devices. Linewidth (W ) is the minimum linewidth reached
in the fabrication process ranging from 5 to 100 µm,
which also corresponds to the distance between adjacent
fingers and the separation between contact and mesa edges.
The n- and p-fingers have a characteristic finger width (WF )
of 3W which is also used for naming the devices as, for
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TABLE I
LINEWIDTH (W), CHARACTERISTIC FINGER WIDTH (WF), NUMBER OF

FINGERS (N), MESA PERIMETER LENGTH (LP), AND AREA (A) OF THE

STUDIED DEVICES. THE INTERNAL SERIES RESISTANCE (Rs) IS

CALCULATED FOR DDCT-LEDS ONLY

example, DDCT-15 and Control-15 for DDCT and control
structures with WF = 15 µm, respectively. As WF decreases
the number of fingers (N ) increases the contact mesa sidewall
perimeter length (L P ) which can substantially affect the nonra-
diative recombination at the surface [1] if it is accessible to the
carriers either through leakage or unoptimal placement of the
p-n junction. The length of the fingers (L F ) is 500 µm and the
separation between the end of the p-fingers and the n-contact
pad is 2W . The active device area used to calculate the average
current densities through the devices is defined as the area of
the p-mesa including the contact pad (1000 µm × 350 µm)
and the area of the fingers calculated as WF × N × L F ,
which is slightly different for each device. Overall, the lateral
dimensions of the studied devices here are similar to the
recently reported GaN-based DDCT-LEDs [22].

The current–voltage (J–V ) characteristics of the fabricated
devices are measured using a two-wire setup with a Keithley
2612b as the voltage source with continuous current injection.
The electroluminescence (EL) from the devices is captured
with a Flame-S-CR1-ES spectrometer and a QP600-1-VIS-
NIR optical fiber from Ocean Optics using pulsed current
injection ensuring minimal heating of the device. The optical
fiber is pointed at the middle of the finger array on the contact
side of the LEDs. Additionally, a standard CMOS camera
(350–1000 nm) is used to image the spatial distribution of
light emission in the devices.

III. DEVICE MODELING

The theoretical foundations of the devices are studied with
drift-diffusion simulations coupling the partial differential
equations for the quasi-Fermi levels of electrons and holes
and the electrostatic potential in the 2-D real space. Due
to the periodic nature and symmetry of the finger struc-
tures, the simulated region of the devices extends from the
middle of the p-contact to the middle of the n-contact in
the lateral dimension in Fig. 1(c) and (d) and excludes the
contact pads and the thick-substrate region for simplicity.
A more detailed description of the model can be found in,
for example, [7], [8].

The expected physical changes induced by the diffu-
sion doping are easiest to describe by comparing the
cross section of DDCT and control structures illustrated in
Fig. 1(c) and (d), respectively. In DDCT devices, Zn diffusion
extends the p-doped region over the originally lightly doped
n-layers and enables injection of holes (red dashed arrows)
and electrons (blue arrows) into the buried unintentionally
doped i-GaAs AR through the respective laterally doped

Fig. 2. Energy band diagrams for selected devices at 1.3 V along the
paths illustrated in each inset. Band diagrams of (a) DDCT-60 and (b)
Control-60 show that hole injection into the AR is only possible in the
DDCT-60 device because the large valence band potential barriers in
Control-60 block it. (c) Lateral p-n junction within the diffusion-doped
GaInP layer in DDCT-60 forms a large barrier in EC and EV blocking
most of the current transport across the GaInP junction. More detailed
layer structures of the insets are shown in Fig. 1, with the p-doping in
the second p-GaInP layer in panel (a) assumed to decrease toward the
AR to resemble a typical diffusion doping profile more closely.

finger regions. This behavior is also observed in Fig. 2(a)
showing the calculated energy band diagram of DDCT-60
at 1.3 V along the path shown in the inset. Although some
narrow potential barriers are still present due to valence band
offsets, holes can be efficiently injected into the i-GaAs AR.
In contrast, similar data for Control-60 in Fig. 2(b) shows that
hole injection into the AR is blocked by the high potential
barriers induced by the n-GaAs and n-GaInP layers. In this
sense, the control structure resembles the previously reported
GaN DDCT-LED structures [10].

In the lateral direction, the energy band diagram across
the p-GaInP/n-GaInP junction in Fig. 2(c) shows ∼300-meV
barriers in conduction and valence bands for the DDCT-60
structure even at 1.3 V suggesting that the leakage current
across the lateral GaInP junction is negligible at moderate
biases. Therefore, conventional device mesas, exposing the
edges of the AR, are not needed. Instead, the effective device
area is limited by the size of the contact array which can
facilitate the development of large-area devices utilizing even
the whole substrate area. This is possible with, for example,
a multilevel point contact design extending throughout the
substrate. Additionally, since device mesas are not needed, the
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surface recombination at the edges of the AR located far from
the contact array is practically eliminated [7]. Although the
design of the control sample is suboptimal, it is the appropriate
structure for sensing the improvements achieved by diffusion
annealing. For this reason, DDCT and control samples are
processed simultaneously, whenever possible, on different
quarters of the same wafer. Therefore, all major differences
between the device structures and performance should be
caused by the diffusion doping and Si3N4 encapsulation,
performed only on the DDCT samples.

IV. RESULTS AND DISCUSSION

A. Electrical Properties

The effect of diffusion doping on device performance
is studied by directly comparing the J–V characteristics
of the DDCT structures to those of the control structures.
To provide a baseline level for a typical J–V response of
a GaInP/GaAs double heterojunction, we also include data
for a LED structure of the double diode structure used in
[17]. The resulting J–V data is shown in Fig. 3. The DDCT
devices exhibit a typical LED behavior with an exponen-
tially increasing current at small voltages and current satu-
ration due to internal resistance at larger voltages. The linear
region below 1 V of the device DDCT-300 corresponds to
a Shockley-Read-Hall (SRH) recombination-dominated region
with a reasonable saturation current density (J0,n=2) in the
order of ∼2 × 10−11 A/cm2. With smaller WF , J0,n=2 is only
marginally worse when compared to DDCT-300. Furthermore,
the saturation current density of DDCT devices is lower than
for the reference LED that has J0,n=2 of ∼6 × 10−10 A/cm2.
Overall, the values of J0,n=2 show that diffusion annealing
at 650 ◦C is unlikely to notably deteriorate the material
quality, even though additional leakage current is observed
for DDCT-15, DDCT-30, and DDCT-60 at V < 0.7 V. This
indicates that the increased L P might lead to additional
surface channels and recombination at the sidewalls of p-mesa.
Furthermore, the contribution of these channels can increase
as W and consequently, the distance between the metal contact
and the mesa edge is reduced.

The lateral dimensions are also clearly reflected on the
internal series resistance (Rs) shown in Table I for the DDCT
devices when neglecting Rs = 3.75 � of the measurement sys-
tem. The amount of Rs increases with W which is reasonable
since W also corresponds to the distance between the p- and
n-mesa, and 3 W corresponds to the full distance carriers need
to diffuse to produce fully uniform luminescence distribution.
When extrapolating Rs for devices with WF <15 µm, the
resistance minimizes at approximately 7 �, indicating that the
lateral distance between adjacent fingers is not the only factor
contributing to Rs . We estimate that part of the resistance is
likely to originate from the 500-µm-long relatively thin metal
contact fingers and potentially the p-GaInP layer of the p-mesa
which can introduce an additional potential barrier for holes.

While similar trends are observed for the control struc-
tures, they have several orders of magnitude higher shunt-like
leakage current when compared to the DDCT devices. This
indicates that the charge carriers must be leaking through

Fig. 3. Effects of lateral doping are reflected in the J–V characteristics
of the structures plotted on (a) logarithmic and (b) linear y -axis, showing
significantly lower leakage currents for the DDCT structures. However,
DDCT and control devices show significantly higher series resistance
when compared to the reference LED.

or across the i-GaInP layer, separating the p+-GaAs and
n-GaAs layers within the p-mesa, and recombining in these
GaAs layers having a huge surface recombination velocity of
∼106 cm/s [25]. We estimate that a significant part of the
leakage current leads to nonradiative surface recombination
which is a typical problem of conventional flip-chip LEDs [26]
that can be extremely severe in devices with large L P [1].
The charge transport in the DDCT-LEDs is quite different
since the location of the primary p-n junction has shifted
into the originally n-doped GaInP cladding layer or the AR
during the diffusion annealing. Because of the depletion region
of the shifted junction, the minority carrier density in the
p-mesa becomes very small and the surface recombination
rate at the sidewalls is minimized. Therefore, even if the hole
current would leak along mesa edges, the effect on device
performance would be minimal in the DDCT devices. Overall,
the general trends observed for the fabricated devices agree
with our previous modeling work [7] which showed practically
eliminated surface recombination rate for DDCT-LEDs, higher
current density at high biases for the devices with the smallest
finger width, but also higher leakage current at low voltages
due to increased depletion region volume.

The observations made from the J–V curves are supported
by simulated current density J⃗ = J⃗x + J⃗y of DDCT-60
and Control-60 shown in Fig. 4. Fig. 4(a) shows that current
distribution in DDCT-60 is significantly more even when
compared to Control-60 in Fig. 4(b), as current is clearly
injected into the AR and even the bottom p-GaInP layer
contributing to the current spreading in the lateral direction.
In contrast, since effective current injection into the AR is
not possible in the Control-60, the current density becomes
very high in the n-GaAs layer. Because the n-GaAs is directly
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Fig. 4. Magnitude and direction of the current density J⃗ for (a) DDCT-
60 and (b) Control-60 at 1.3 V. The current distribution is more uniform
in DDCT-60, where significant currents are also injected into the AR.
In contrast, strong currents cannot be injected into the AR in Control-60
due to the potential barriers, leading to very high current density within
the n-GaAs and n-GaInP layers close to the exposed GaAs surface. The
perceived discontinuities in the current densities are due to the different
dimensions and scaling of the figure in lateral and vertical directions
and indicate simply the redistribution of the current into different material
layers.

exposed to air, this leads to an increased surface recombination
rate at the exposed mesa edge, as indicated by the pronounced
leakage currents in the control devices in Fig. 3. While some
current flows through the AR of the control structure, it fully
consists of electron current, and therefore, not leading to
major recombination due to the lack of holes. Furthermore,
the implications of the lateral GaInP junction are visible in
Fig. 4(a) where the current bypasses the lateral p-n junction
via the AR as indicated by the arrows.

B. Optical Properties
In addition to J–V characteristics, the EL and optical power

(Pout) of the finger structures is analyzed. Fig. 5(a) shows the
emission spectra of DDCT-60 for different input currents (Iin)
with a peak at approximately 872 nm corresponding to the
GaAs bandgap energy of 1.42 eV with no signs of GaInP
emission around 690 nm (∼1.8 eV) even at a bias of 2 V.
The full-width half-maximum (FWHM) of the spectra was
approximately 36 nm at Iin = 20 mA showing slightly higher
values at higher Iin. The change in FWHM is caused by a
weak additional peak around 900 nm which is stronger at
higher Iin broadening the main peak. This additional peak
can be caused by a few reasons. First, the peak can originate
from Ga or As vacancies [27] that can form during diffusion
annealing, but this is unlikely since a similar peak was also

Fig. 5. (a) Emission spectra of DDCT-60 at different injection currents.
(b) Comparison of optical power between DDCT-60 and Control-60 at
different injection currents showing a tenfold increase in brightness for
the DDCT device.

observed for the control structures. Second, the additional peak
can be emitted from the p-doped GaAs layers [28] located
within the p-mesa. Data from all device sizes (not shown here)
support the latter possibility since the 900-nm peak is more
pronounced in devices with large WF , indicating that it is most
likely originating from the p-mesa. One explanation for such
behavior is the limited current spreading capabilities of, for
example, DDCT-300 due to the large distance between adja-
cent fingers. This can lead to conventional current crowding
where most of the light is emitted near the p-contact edge
inside the p-mesa. Therefore, we expect that the contribution of
the 900-nm peak reduces with WF due to the improved current
spreading capabilities of narrow fingers. Fig. 5(b) compares
Pout of DDCT-60 and Control-60 normalized by the power
of the DDCT-LED at Iin = 100 mA. The radiance measured
from the contact side shows a tenfold increase in light emission
from the DDCT-60 with Iin ≥ 10 mA. This indicates that the
diffusion doping has indeed been sufficient to shift the junction
position in DDCT devices enabling efficient hole injection into
the buried AR. However, the exact location of the Zn diffusion
front or the doping profile has not been measured. The weaker
Pout of the Control-60 supports the observations made from
the J–V curves and the device simulations indicating severe
nonradiative recombination at the mesa edge.

The current spreading capabilities of the structures are
compared by analyzing the spatial distribution of light emis-
sion captured from the contact side. Fig. 6(a) and (b) shows
the light emission at Iin = 20 mA for the DDCT-60 and
Control-60, respectively. Despite the limited resolution of
the camera, Fig. 6 enables confirming the main features and
differences in the carrier spreading. In both devices, most
of the light is emitted from the area defined by the p-mesa
fingers due to the still relatively long distance between n-
and p-contacts. While the exact layer where the radiative
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Fig. 6. EL at an input current of 20 mA from devices (a) DDCT-60 and (b) Control-60 shows a clear difference, especially under the n-fingers.
(c) Simulated recombination profiles show strong current spreading toward the n-mesa for the DDCT-60, while in Control-60, recombination is
strongly focused under the p-mesa. Panels (a) and (b) are slightly overexposed on purpose to highlight the differences, and panel (c) is normalized
to enable easier comparison between the devices.

recombination occurs is impossible to identify from these
figures, Fig. 6(a) clearly shows that light is emitted also under
the n-mesa area of the DDCT device. This is evident by the
n-contact metal finger being visible as a dark line since it
blocks the light emitted under the n-mesa. Fig. 6(b) shows no
emission for the Control-60 between the bright p-fingers even
though the camera exposure time is 100 times longer. This is
true also with lower and higher Iin and even when increasing
the exposure time.

The simulated recombination profiles of DDCT-60 and
Control-60 in Fig. 6(c), calculated from the total recombi-
nation rates, including radiative, SRH, Auger, surface, and
interface recombination processes, support the observations
made above by showing strong current spreading toward the
n-mesa only for the DDCT device. In contrast, Control-60
shows a different profile where recombination is focused
under the p-mesa. The overall trends of the simulation results
in Fig. 6(c) agree well with the experimental data, and the
current spreading of DDCT-60 is only ∼30% stronger in the
simulations when compared to the experimental measurements
despite the simulations being 2-D and not fully calibrated for
all the device parameters. Alternatively, light emission can
originate from the n- and p+-GaAs layers as suggested by the
EL spectra. However, emission from the n-GaAs contact layer
seems unlikely due to the layer design and a lack of a darker
region that should be visible between the mesa fingers where
the n-GaAs layer has been removed. Also, the contribution
of p+-GaAs is estimated to be minimal as suggested by the
spectra. Together, the simulations, the spectra in Fig. 5(a)
showing emission only from GaAs, and the spatial distribution
of EL suggest that the light is emitted from the uniform
i-GaAs layer of the DDCT-LED, which is a clear sign of
diffusion-driven carrier injection into the buried AR.

C. Discussion

While the design and fabrication process of the current
DDCT structures is not fully optimized, the results largely
confirm the previous predictions that back-contacted devices
having all contacts on the same side of the AR are possible also
for the GaAs-based materials. In particular, devices with small
WF provide better current spreading within the AR and exhibit

lower internal resistance in line with expectations [7]. This is
partly due to the currently used symmetrical lateral structure,
in which n- and p-fingers have identical widths, diffusion still
needs to transport the carriers over relatively large distances,
meaning that these structures cannot completely reach the
region of ideal operation with uniform light emission and
eliminated resistance related to current spreading. Therefore,
the width of the n-finger should be reduced further in the
next-generation fabrication processes to counterbalance the
significantly lower hole mobility in GaAs. This requires some
process optimization since the linewidth of the fabrication
process is currently limited to ∼5 µm due to undercut during
GaInP wet etching. As such, the present work also illustrates
the general challenges that other laterally injected devices,
such as electrically pumped nanocavity lasers [29], are facing.
Furthermore, to unlock the true potential of DDCT devices
including near-surface AR and surface modifications, the con-
tact side should be designed to be highly reflective with, for
example, omnidirectional reflectors, and the substrate should
be removed by etching or epitaxial lift-off.

V. CONCLUSION

In conclusion, this work demonstrates that ex-situ dif-
fusion of dopants incorporated in epitaxially grown source
layers can facilitate the fabrication of GaAs-based DDCT-
LEDs that can enable IBC designs for III–V materials.
Current–voltage characteristics show that effective carrier
injection is possible at a moderate bias of 1.3 V resulting
in a current density of 1.25 A/cm2 in devices with 15-µm
finger width. Also, saturation current density J0,n=2 in the
order of 2 × 10−11 A/cm2 suggests that good material quality
can be maintained even in diffusion-doped samples. Emission
spectra of the DDCT device show a strong peak at 872 nm
corresponding to the bandgap energy of 1.42 eV of the i-GaAs
AR. These results suggest that electrical excitation of the
buried AR is possible through the laterally doped contact
finger array. Consequently, since the effective area of the
DDCT devices is defined by the size of the contact array,
conventional device mesas are not needed. Therefore, the free
surfaces and surface recombination are practically eliminated
from the AR. Overall, this work lays the foundation for the
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future development of back-contacted large-area GaAs-LEDs
and solar cells.
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