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Abstract. A method for comprehensively modeling the current-voltage characteristics
of laser-powered photovoltaic converters (PVCs) with spot-type rear contact is proposed.
The method accounts for both optical losses caused by shading of the photoactive region
and electrical losses caused by radial current spreading to the spot-type rear contacts. A
balance between these factors is achieved at specific values of the diameter of spots and
distance between contacts, which could be determined using the proposed method. The
geometric parameters of the rear contacts (diameter and spot pitch) were optimized to
maximize the laser radiation conversion efficiency of the AlGaAs/GaAs PVCs.
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MopaenupoBaHue BOJIbT-aMNEPHbIX XapaKTepPUCTUK
M onTUMH3aLUKUA (hOTO3J/IeKTPUUECKUX Npeo6pa3oBarenen
J1a3epHOro U3J1Iy4YeHMUS C TOUEUHDbIM TblJIbHbIM KOHTAKTOM

A.[. Maneeckaa “, M.A. MuHTaupos, B.B. EBcTponoB, [1.A. ManeBcKuM,
A.B. Maneeckasa, C.A. MuHtanpoB, H.A. Kanto)XHbIHA

DU3MKO-TEXHUYECKUIA MHCTUTYT UM. A.®. Nodde PAH, CaHkT-MeTepbypr, Poccusi
™ anmalevskaya@mail.ioffe.ru

Annotammsi. B pabGore mipemsiokeHa MeETOAMKA KOMILIEKCHOTO MOJEJIMPOBAHUS
BOJIbT-aMIIEPHBIX XapaKTepUCTUK (poToseKTpudeckux rnpeodpasosareineit (OIIT) nazep-
HOTO W3JY4YEHMSI C TOYEUYHBIM ThLIbHBIM KOHTAKTOM. MeTOoAMKa MO3BOJISIET YYECTh Kak
ONTUYECKHUE MOTEPHU, CBSI3aHHBIE C 3aTeHeHUEeM (DOTOAKTUBHOI 00JaCTU, TaK U IJEKTPU-
YyecKue NnoTepu, oO0yCIOBIEHHbIE paJdaibHbIM PacTeKaHUMEM TOKa K ThUJIbHBIM TOYE€UYHbBIM
KOHTakTaM. bajaHc mexay 3TUMU (hakTopaMu IOCTUTAeTCsl MPU ONpeaeEHHBIX 3Haue-
HUSX IUaMeTpa M PacCTOSHMSI MeXIy KOHTAaKTaMM, KOTOPBbIE MOTYT OBITH OIpeaeeHbI C
MOMOIIIBIO MpeaToXeHHOTro MeToaa. IlpoBeneHa onTuMuU3alus reOMETPUUECKUX Tapame-
TPOB ThUIBHBIX TOYEYHBIX KOHTAKTOB (AMaMeTp W LIar) ¢ Lejblo MaKCUMMU3aluu ¢ dek-
THUBHOCTH TIpeobpaszoBanus AlGaAs/GaAs ®DII.

KmoueBble cioBa: (oToaieKTprueckue Mpeodpa3oBaTesiv, TOUYEUHbINA ThUJIbHBIM KOH-
TaKkT, pacTeKaHHe TOKa, BOJbT-aMIIEpHbIC XapaKTePUCTUKU
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Introduction

The development of highly efficient photovoltaic converters (PVCs) for laser radiation (LR)
requires finding a compromise between minimizing optical losses and reducing electrical contact
resistance [1 — 4]. In conventional PVCs and solar cells, only the front contact design requires
optimization with this viewpoint. However, PVCs with record-breaking conversion efficiencies
for monochromatic radiation [5] as well as high-power (200—500 W/cm?) laser radiation [6] with
A =800—850 nm were developed recently. In such PVCs the epitaxial AlGaAs/GaAs heterostruc-
ture is separated from the growth-wafer and transferred to a carrier-substrate with a metal reflec-
tor on its surface. The embedded rear metal reflector offers several advantages to the PVC. The
reflector returns recombination radiation to the active region and allows decreasing the thickness
of the absorber materials without loss of charge carrier collection that leads to high conversion
efficiency. However, such a PVC design also requires optimizing optical and resistive losses for
the rear contact.

A promising geometry for this purpose is the use of spot-type rear contact, which is effective-
ly used in the light-emitting diodes produced by lift-off techniques [7]. However, the spot-type
contact caused an increase in series resistance associated with the radial spreading of current
to the spots. Today, there are no universal methods for taking into account both optical and
electrical losses for quantitatively estimating the influence of spot-type contact geometry on the
current-voltage characteristics (/-V curves) of the PVC.

The aim of the work is to develop a method that combines the calculation of optical and
electrical parameters for creating the optimal design for a spot-type rear contact. The method is
based on two- [8] and three-parameter [9] tube models, which was successfully used to analyze
solar cells with a solid rear contact and a finger-pitched front contact construction.

Materials and Methods

The proposed method for modeling a solar cell with a spot-type rear contact consists of several
sequential stages. The first stage is the evaluation of the optical parameters. Replacing a solid rear
contact with a spot-type contact affects the PVC's spectral sensitivity and saturation current. The
changes in these parameters are calculated using linear interpolation between experimental data
obtained for samples with different spot-type rear configuration.

Based on the adjusted parameters, such as spectral sensitivity, photogenerated current, dark
saturation currents, the generation part of /-V curve is calculated. Such /-JV curve describes the
behavior of the p—n junction without taking into account ohmic losses according to equation (1):

_ qV
J=J, =Y | J,, exp 7 1 (1)

J
Next, the losses on the front contact grid are taken into account using the method described
in [9], in which a distributed equivalent circuit describing the part of the structure from the upper
layer to the emitter is considered. The /- curve of the PVC taking into account the resistance of
top part PVC (from top contact-layer to the emitter) is calculated by using equation (2):
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J=7 -3, exp[Mj, @)
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where J is the current density, J is the photogenerated current, V is the applied voltage, k is the
Boltzmann constant, 7' is the temperature q is the electron charge J 1s the saturation currents
for current tubes, R is the resistance.

This I-V curve is used to calculate the I-V curve which takes into account current spreading
to the spot-type rear contacts. The equation was arrived assuming that the lower part of the
I-V curve structure (from rear contact-layer to the base layer) could be divided into repeating
triangular fragments between the contacts (Fig. 1). Each fragment is divided into m parts, in
which the current flows along n parallel current tubes. The resistance of the i-th current tube in
the jth part is calculated (as in [9]) by equation (3):

R=R,-n+R, i, 3)
where R, is the vertical resistance is usually determined by the properties of the substrate
2 2
. . .. . D D R .
material on which the PC epitaxial structure is grown, R, = K?J + (? jj }ﬂ is the lateral
y W

resistance depends on the tube number, w = D/4m is the tube thickness, D is the distance
between contacts, R o is the sheet resistance. The equation for R, is obtained by analogy
with the calculatrons given in [8]. The [V curve calculation can be performed using a similar
procedure proposed in [9]: the number of parts m and the number of tubes n are selected, the
resistances R, and R, are calculated, and the resistances of the tubes R, , are determined, then
the I~V curve for the all current tubes are calculated. Summation of the all the tube /-V curves
allow obtaining the complete PVC -V curve.

The model discussed above was applied to search for the optimal parameters of the spot-type
rear contacts of AlGaAs/GaAs PVC. The epitaxial heterostructure (Fig. 2) of PVC was grown by
the metal-organic vapor phase epitaxy.

To study the influence of contact grid parameters on resistive losses, three PVC samples
based on the epitaxial heterostructure (Fig. 2) were fabricated and studied. The only variable

parameter were the finger pitches of the front

D contact: 140 um (sample A), 180 um (sam-

d ple B), and 220 um (sample C). The spot-

type rear of all samples were the same with
d=10 pm and D = 75 pm.

To demonstrate the contribution of each
modeling step, Fig. 3 shows the I-V curves for
sample A, obtained taking into account various
components of ohmic losses. The initial /-V
curve (curve 1, blue line) is calculated based
on experimental [/} curve without taking
into account resistive losses by Eq. (1). At the
next step of the model procedure, the resistive
losses caused by spreading between the fingers
of the front contact are taken into account

75 | v (curve 2, orange line) according to Eq. (2).
N 4 The radial spreading of current between the
D/ N\ /” 02 spot-type rear contacts further increases the

resistive losses. The final simulated /- curve

(curve 3, green line) demonstrates good agree-

Fig. 1. Schematic representation of the model of ment with the experimental data (curve 4, red

radial current spreading in lower part of PVC with dots) and allows determining the parameters
the spot-type rear contacts of PVCs (Table 1).
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Fig. 2. Schematic representation of the AlGaAs/GaAs PVC epitaxial heterostructure

=== 1 -1V curve of the p-n junction
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Fig. 3. I-V curve of PVC at various stages of modeling: 1 corresponds to the non-resistive /-J curve
of the p—n junction, 2 to the /-V curve taking into account losses on the front contact grid, 3 to the
1I-V curve with additional consideration of current spreading to spot-type rear contacts,

4 to the experimental /-V curve

Table 1

Parameters of contact grid templates and modeling parameters

Sample A W= 140 um | Sample B =180 um | Sample C W =220 um

Jy» Alem? 442-10% 5.88:107° 5.41-107%
J,,» Alem? 2.63-107"° 2.46-1071° 2.64-1071°
finger-pitched front contact
R, ,Ohm-cm’ 11.93 12.03 11.96
R,, Ohm-cm? 0.0
p,,» Ohm-mm?*/cm 1.6-10°¢

spot-type rear contacts

R, Ohm-cm? 11.98 12.00 11.99

Sheet®

Notations. Wis the pitch of the front contact fingers, J;, and J;, are the saturation currents with ideality
factors A = 1 and A = 2, RV is the vertical resistance of the structure, p,, is the specific resistance of the
contact finger, R, . — sheet resistance.
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Incident power = 50.00 W/cm?
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Fig. 4. Dependencies of the efficiency of laser
radiation conversion (A = 800—850 nm) at an
incident power of 50 W/cm2 on the spot diameter
(d) and intercontact distance (D) of spot-type rear

To optimize the contact geometry, the pro-
posed method is applied to PVC as a number
of iterations. A series of calculations is per-
formed for an array of spot-type rear contact
diameters and intercontact distance values.
For each variant, the conversion efficiency is
determined. Analysis of the resulting depend-
ence allows identifying the optimal values that
lead to a balance between optical and elec-
trical losses. The method was applied to an
AlGaAs/GaAs PVC with an finger pitches of
front contact of W = 140 pum. The calcula-
tion results are shown in Fig. 4. It was found
that the optimal parameters for a high inci-
dent power of P, = 50 W/cm? are the fol-
lowing. Obtained parameters allows increasing
the efficiency of laser radiation conversion
(A = 800—850 nm) by 1.2% due to the chang-
ing intercontact distance D from 75 to 17.4
pm and spot diameter from d = 10 to 2 um.

contact for AlGaAs/GaAs PVC

Conclusion

A method for comprehensive modeling and optimization of photovoltaic converters with spot-
type rear contact was developed, based on a modified tube model. The method allows quantitatively
accounting for the competing effects: shading of the back side of the photovoltaic converter by the
spot-type contacts and increase in the series resistance due to radial current spreading between
spots. An iterative calculation of the photoconversion efficiency for an AlGaAs/GaAs PVC was
performed by varying the parameters of the spot-type rear contact. It is shown that the optimal
parameters (spot diameter of 2 um and intercontact distance of 17 wm) allow increasing the
efficiency by 1.2% compared to the case of a sample with a spot diameter of 10 ym and an
intercontact distance of 60 um, which exhibited an efficiency of 62.0% [6]. Thus, the proposed
method provides a tool for the rear contact design of high-efficiency photovoltaic converters with
embedded metal reflectors.
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