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Monolithic triple-junction p—i—n AlGaAs/GaAs laser photoconverter
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The photovoltaic characteristics of heterostructural triple-junction p—i—n AlGaAs/GaAs photoconverters of
monochromatic radiation grown by molecular-beam epitaxy in a single technological process have been studied.
The spectral sensitivity of the created triple-junction photoconverters was in the wavelength range 0.78—0.87 um.
The achieved values of open circuit voltage 1.82 V and electrical power 0.34 mW/cm? in the photovoltaic mode
at laser radiation power densities < 2mW/cm? at a wavelength 2 = 850 nm exceed the characteristics of single-
junction p—i—n AlGaAs/GaAs photoconverters created by identical technology. The developed triple-junction
photoconverters can be used in remote power systems for miniature microcircuits, in implantable bioelectronics
and biosensors, as well as in long-term radioluminescent energy sources.
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Optical systems for wireless and fiber-optic transmission
of energy and information [1-4], remote energy sys-
tems for submillimeter-scale sensor devices, bioimplantable
devices [5-7]), and long-term radioluminescent energy
sources [8-11] require the development and construction of
efficient photovoltaic converters (PVCs) of optical radiation.
The efficiency of these systems is largely determined by
the increase in voltage and electrical power generated by
a PVC, a high signal-to-noise ratio, and the linearity of
dependence of the current signal on the level of optical
power transmitted from an optical source via a fiber-
optic communication line. The engineering and fabrication
of monolithic multi-junction photovoltaic converters (MJ
PVCs) from photoactive subcells with the same band
gap are promising in this regard [3]. The viability of
MJ PVCs with up to 100 junctions was substantiated in
literature [3—6]. The dimensions of layers of a multi-junction
p—i—n PVC are determined primarily by the wavelength
and the coefficient of absorption of monochromatic radiation
in the semiconductor material under the condition of
equality of currents generated by light in each subcell
Expression

Po(l1 —e™") = Poe ' lui(1 —e7h)

— Poe—|1—|xd_1—|2—|xd1(1 _ e-'s) (1)
represents the equality of monochromatic radiation ab-
sorption in each subcell, which ensures the equality of
photocurrents. Equation (1) allows one to estimate the
optical thicknesses in subcells of a monolithic triple-junction
p—i—n PVC. In (1), Py is the incident optical radiation
intensity; |j = apjhpj + aijhij + anjhnj (j = 1, 2, 3) is the
optical thickness of the first, the second, and the third
subcells; lig.m = dptd_mNptd.m+Antd.mhrea.m (M= 1, 2) is the
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optical thickness of the first and the second connecting
tunnel diodes; and h and « are the actual thicknesses and
the absorption coefficients of p, i, and n layers of the first,
the second, and the third subcells and the connecting tunnel
diodes. A series connection of photoactive subcells through
tunnel diodes in a monolithic MJ PVC structure allows for
an increase in output voltage and electrical signal power at
lower operating currents and ensures better matching with
the load. The fabrication of fiber-optic modules containing
several interconnected monolithic MJ PVCs should provide
an opportunity to reduce the number of components in
photovoltaic assemblies and suppress optical and electrical
losses both in fiber-optic splitters and in intercomponent
connections [12].

In the present study, we report the results of exami-
nation of photovoltaic characteristics of monolithic triple-
junction p—i—n AlGaAs/GaAs PVCs (TJ PVCs) (Fig. 1,a)
in comparison with the characteristics of single-junction
p—i—n AlGaAs/GaAs PVCs (SJ PVCs) under excitation by
continuous laser radiation with wavelength 1 = 850 nm at
power densities < 2 mW/cm?.

Triple-junction p—i—n AlGaAs/GaAs PVCs were grown
by molecular-beam epitaxy (MBE) on an n-GaAs
(Np ~ 310" cm~3) substrate. ~ The monolithic PVC
structure (Fig. 1,a) included three p—i—n GaAs sub-
cells with the thicknesses of the upper (~ 0.4um), mid-
dle (~0.7um), and lower (~ 2.3um) junctions cho-
sen in accordance with expression (1) and the results
of earlier calculations [12]. The doping levels were
Na>1-10%cm=3 for p layers, Np < 1- 10 ecm=3 for
n layers, and ~ 1-10%e¢m™> for i layers. Back-to-back
nanosized tunnel diodes based on ptT—n*t-GaAs (each
with an overall thickness < 30nm) were used as connect-
ing elements between the p—i—n junctions. The struc-
ture included a wide-band p-Aly,GagsAs window (with
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Figure 1. ¢ — Monolithic triple-junction p—i —n AlGaAs/GaAs PVC. The upper (/), middle (2), and lower (3) p—i—n GaAs subcells
and connecting tunnel diodes based on n*"—p"*-GaAs are indicated. 5 — Photosensitivity spectra of the triple-junction p—i—n PVC (1)
and the single-junction p—i—n PVC (2). 3 — Coefficient of reflection from the photoactive surface of the triple-junction p—i—n PVC.

Na ~ 5-10"” cm~3 and a thickness of 0.3 um) and a back
n-Alg,Gag gAs potential barrier (with Np ~ 3 - 108 cm=3
and a thickness of 0.2 um). PVC chips with a photosensitive
surface 250 um in diameter, an Ag(Mn)/Ni/Au ring front
contact with thickness h = 3600 A, and an Au(Ge)/Ni/Au
solid back contact with thickness h = 2000 Awere formed
by post-growth planar processing; the side surface of
the structure was passivated with a Si3sN4 dielectric layer.
Note that the TJ PVC structure parameters determined
using expression (1), specified in fabrication (Fig. 1,a),
and estimated via secondary ion mass-spectrometry agree
closely with each other. The deviation of layer thicknesses
in the monolithic epitaxial TJ PVC heterostructure from the
calculated ones did not exceed 12%.

Single-junction AlGaAs/GaAs PVCs used for comparison
were grown by MBE [12] and formed using the same
post-growth processing procedure with similar contacts
and a photosensitive surface 250um in diameter. The
photosensitivity spectra (Fig. 1,5), dark (Fig. 2,a) and light
(Fig. 2, b) current—voltage curves (CVCs), and capacitance—
voltage relationships (CVRs) (Fig. 2,a) of both types of
PVCs were measured directly on the epitaxial wafer at
room temperature. The dark CVCs of SJ and TJ PVCs
were measured at a forward bias voltage up to 1.5 and 4V,
respectively. The external quantum efficiency characteristics
of SJ and TJ PVCs were measured within the range
from 700 to 900 nm using a high-aperture monochromator
with optical signal input from a 50 um optical fiber. The
experimental dependences of normalized external quantum
efficiency values for the TJ PVC (curve /) and the SJ PVC
(curve 2) are shown in Fig. 1,b. The external quantum
efficiency at wavelength 1 = 850 nm was Qex; = 80% and
Qext ~ 30% for SJ and TJ PVCs (Fig. 1,b), which is
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Calculated parameters obtained by fitting the forward dark CVCs
of monolithic triple-junction and single-junction p—i—n PVCs

i Jot, Jor, Jod, Rs
p—1—n PVC t}’pe A/Cm2 A/CII12 A/cm2 nme - sz

Triple-junction |1.1-107%|5.3-107"(2.6-107%"| 140

Singlejunction [7.1-107°|5.1-107%|5.6-10=% 16

attributable to the redistribution of optical power in the
TJ PVC between three p—i—n subcells and the resulting
proportional reduction in photocurrent in the monolithic
triple-junction structure.

The dominant mechanisms of current transport and the
values of saturation currents (Joi) and diode coefficients
(A) were determined by analyzing the experimental dark
CVCs of triple-junction and single-junction PVCs. The
transport mechanisms (see Fig. 2,a and the table) are
as follows: tunnel-trap (Jo; curves 3 (A > 6) and 8
(Ac > 2) for TJ and ST PVCs, respectively); recombination
(Jor; curves 4 (Ar=6) and 9 (A, =2 for TJ and SJ
PVCs, respectively); and diffusion (Jog; curves 5 (Aq = 3)
and 10 (Aq = 1) for TJ and SJ PVCs, respectively). The
values of Jot, Jor, Jod, and series resistance Rs of the
PVC structure are given in the table. Curves 2 and 7 in
Fig. 2,a are the forward dark CVCs of PVCs calculated
based on the parameters obtained by fitting. The observed
tripling of diode coefficients A of the dominant current
transport mechanisms in the TJ PVC is indicative of the
presence of three photoactive p—i —n junctions, which have
equal photocurrent generation capacities, in the monolithic
structure. The lack of exponential sections corresponding to
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Figure 2. a — Experimental (I, 6, 11, 12) and calculated (2—5, 7—10) forward dark CVCs and CVRs of triple-junction (/—35, 11)
and single-junction (6—10, 12) p—i—n PVCs. b — Load (light) CVCs of triple-junction (/—3) and single-junction (4—6) p—i—n PVCs
under illumination by laser radiation (1 = 850nm) with a power of 128 (1, 5), 342 (2, 6), 971 (3), and 32nW (4).

350
300 F
250

< 200

Nl

150}
100 |
50F 7

0:ﬂ|/:‘9||I||||I||||I||||I|-0
1.0 1.5 2.0

;, mW/cm?

Top

ISC"nA b
0 50 100 150 200 250 300 350
....,....,....,....,....,....,....,._020
10.15
Z
10.10 =
qu
1 0.05
loh./...l....|....|....|.-0
0 0.5 1.0 1.5 2.0
Popt,mW/cm2

Figure 3. a — Dependences of open-circuit voltage Uoc (7, 3) and short-circuit current Isc (2, 4) of monolithic triple-junction (1, 2) and
single-junction (3, 4) p—i—n PVCs on the optical excitation power (1 = 850nm). » — Dependences of the output electrical power (1,
3) and efficiency (Ef f) (2, 4) of triple-junction (/, 2) and single-junction (3, 4) p—i—n PVCs on the photocurrent.

mixed (tunnel-trap and recombination or recombination and
diffusion) current transport mechanisms in the experimental
CVCs is attributable to the fact that the CVCs of each
TJ PVC subcell are identical. In addition, the lack of
»>-shaped” features in the forward dark CVCs of the TJ
PVC indicates that the characteristics of connecting tunnel
diodes are close and the tunnel mechanism of current
transport is dominant within the operating voltage range.
Series resistance Rs of the TJ PVC is two orders of
magnitude higher than the one of the SJ PVC (see the
table). It should be noted that ,saturation current Joyg,
which largely determines the efficiency of PVCs in the
photovoltaic mode [12], for the TJ PVC is almost an order
of magnitude lower (see the table). The CVRs of both
types of samples were measured on the epitaxial wafer
at a frequency of 0.1 MHz. The experimental CVRs are
shown in Fig. 2,a (curves 11 and 12 for TJ and SJ PVCs,

respectively). The capacitance of the TJ PVC at a forward
bias voltage > 1.5V is C = 12pF, which is ~ 2.5 times
lower than the corresponding value for the SJ PVC.

The load current-voltage curves of SJ and TJ PVCs
were measured with continuous monochromatic radiation
(A =850nm) with a power <2mW/cm? input from a
200 um optical fiber The measured load CVCs and
calculated photovoltaic parameters for PVCs are presented
in Figs. 2, b and 3. According to the dependences presented
in Fig. 3,a, the open-circuit voltage (Uy) for the TJ PVC
is ~ 3 times higher than the corresponding voltage for
the SJ PVC (curves 1,3), while the short-circuit current
(Isc) for the triple-junction PVC is almost 3 times lower
than lsc for the SJ PVC (curves 2,4). These relations
are maintained throughout almost the entire range of laser
radiation power; at ~ 2mW/cm?, the open-circuit voltage
iS Uy = 1.82V for the T] PVC and Uy, = 0.59V for
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the SJ PVC (Fig. 3,a). The generation of a higher
output electrical power at significantly lower photocurrent
values is an important advantage of the monolithic triple-
junction p—i—n AlGaAs/GaAs PVC structure over the
single-junction PVC. Figure 3,b presents the dependences
of the output electrical power (curves 1, 3) and efficiency
(curves 2,4) on the photocurrent for TJ and SJ PVCs.
Specific output electrical power Poy = 0.34 mW/cm? for
the triplesjunction p—i—n PVC was obtained at photocur-
rent Joc = 0.25mA/cm? and an efficiency of 18.3%, while
the SJ PVC may achieve the same power at a higher
photocurrent density (Jsc = 0.7mA/cm?) and a lower ef-
ficiency (17%) (Fig. 3). The obtained results indicate that
the efficiency of the triple-junction p—i—n AlGaAs/GaAs
PVC converting radiation with wavelength 4 = 850nm at
power levels below 2mW/cm? is higher than the efficiency
of the single-junction p—i —n AlGaAs/GaAs PVC, while the
corresponding operating photocurrent density of the TJ PVC
is significantly (approximately 3 times) lower.

Epitaxial structures of monolithic triple-junction p—i—n
AlGaAs/GaAs PVCs have been grown by MBE for the first
time. At power density <2mW/cm? of laser radiation
with wavelength 4 = 850nm, these PVCs provided an
open-circuit voltage of 1.82V and an electrical power
of 0.34mW/cm? at an efficiency of 18.3%. The obtained
parameter values exceed significantly the characteristics of
single-junction p—i—n AlGaAs/GaAs PVCs with the same
chip geometry grown by MBE and processed under the
same conditions and process parameters.
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