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The creating problems of lightweight flexible InGaP/GaAs/Ge solar cells with a thinned germanium substrate and
approaches for their solution are discussed. Design of a lightweight flexible solar cell with a Ge substrate thinned
to 40 x 80 mm has been implemented, based on 40 mm by 80 mm standard photovoltaic cell with anti-radiation
glass 120 um thick. Specific weight and ultimate bending radius of the experimental sample was ~ 0.6 kg/m?
and — ~ 54 mm respectively. It efficiency for AMO spectrum at the temperature of 28°C is 27.6% with a fill factor
of ~ 83.8%. It has been shown that germanium surface passivity by means several silicon atom layers deposited
from an atomic flux at temperatures below 80°C reduces the back surface recombination.
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Introduction

Increasing of complexity level of current and future scien-
tific and applied objectives solved in space, and expansion of
their list suppose increase in power-do-weight ratio of space
vehicles (SV). Main primary source of energy for SV is solar
cells (SC). In [1] review of SV SC development is given,
and classification is provided of modern designs, tendencies
of their evolution are determined. Paper of another team
of authors [2] contains the results of calculations of basic
absolute and relative operation characteristics of modern
and future SC for SV. Systematized information on modern
designs of SC, their photogenerating parts (PGP) and
developments in sphere of space assembly of structures and
additive technologies is given in [3]. According to [1-3] one
of the main ways of SV power-do-weight ratio increasing
is qualitative improvement of weight-energy and weight-
size characteristics of SC, and their volume decreasing
in transportation position. This is achieved by efficiency
increasing of photovoltaic converters (PVC), decreasing of
unit weight of PGP, and ensuring more dense stacking of SC.

The promising materials solution to improve PVC ef-
ficiency is use of multi-cascade heteroepitaxial struc-
tures (HES) based on compounds A™BY, which ensure
creation of the converters with better unit weight, size and
volume characteristics of power [1-4].

Unit weight of SC can be decreased by use of light and
flexible PGP, which structural unit is PVC manufactured
based on HES of compopunds A"'BY, with thinned or com-
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pletely removed substrate (see [5-7]). During manufacture
of light flexible PVC (LFPVC) HES partially or completely
free of substrate is transferred to lighter composite carrier.
Increased flexibility of such PVC ensures use of the design
solutions ensuring large compactness of SC in transported
position.

The limit decrease in unit weight of LFPVC under other
equal conditions can be achieved in case of substrate
complete removal. It is advisable to use thinning of the
substrate in case when its absence critically decrease the
efficiency and/or reliability of the converter. Note that limit
flexibility of LFPVC is mainly determined by the thickness
of brittle cover glass, which varies from 50—150 um [6].

Theme of creating LFPVC with completely removed
substrate is associated with major part of studies. Currently
several material materials science and technology directions
are under development. In view of possibility to increase the
efficiency PVC based on inverted metamorphic HES with
InGaAs long-wave cascade or HES with diluted nitrides
GalnNAs or GalnAsNSb and direct architecture of layers
occupies the leading positions [1-4,7]. Technology of
manufacturing LFPVG based on inverted metamorphic HES
with InGaAs cascade achieved rather high level. Some
manufacturers promote their products [8-10], and since
2017 NASA on the International Space Station tested
flexible roll SC ROSA (Roll Out Solar Array), manufactured
based on similar LFPVC [1]. Note that studies to improve
design and technology of manufacturing LFPVC based
on inverted metamorphic structures continue (see [11]).
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Implementation at industrial level of the technology of
manufacturing PVC based on HES with layers of diluted
nitrides is possible in the long term only. This is due to
insufficient level of technology development of molecular-
beam epitaxy of cascades with diluted nitrides, and the
necessity to solve problems of combination of methods of
molecular-beam epitaxy (MBE) and MOS hydride epitaxy
in same technological complex.

Ides of LFPVC with thinned substrate is implemented
worldwide based on heterosystem InGaP/GaAs/Ge, in
which the third cascade is formed due to autodoping of
the germanium substrate during growth on it of layers
of compounds A"BY. Theme of InGaP/GaAs/Ge PVC
with unthinned substrate is discussed not only in scientific
articles, but in dissertation [12,13]. Industrial production
of such PVC is well mastered worldwide [4], however,
studies on the development of this theme continues cur-
rently [12,14]. The listed circumstances, as well as this
studies of scientific and applied nature [15-18] determine
the attractability of heterostructures InGaP/GaAs/Ge as
basis of LFPVC with thinned substrate.

Currently for common space objectives solution AZUR
and CESI SpA suggest InGaP/GaAs/Ge PVC with thick-
ness of the semiconductor part 80 &=20um. Technical
characteristics of such PVC are free accessible at official
web-sites [19,20]. In [6] it is stated that for important
space missions AZUR can deliver lightweight versions of
converters with thickness of semiconductive part 20—50 um.
Note that developed technology is limited by the layers In-
GaP/GaAs and Ge total thickness of 20 um. Generally HES
thickness reaches ~ 5um, so, minimum thickness of Ge is
~ 15 um. But this thickness is far from values, below which
significant deterioration of characteristics of germanium
cascade starts. So, papers [17,18] state that Ge thickness
can be decreased to 7um without critical decreasing of
PVC efficiency. The present paper relates to solution of
problems relating creation of InGaP/GaAs/Ge LFPVC with
germanium substrate thinned to thickness below ~ 15um.

1. Problems of designing and
manufacturing technology of
InGaP/GaAs/Ge LFPVC

Let’s discuss the problems relating creation of In-
GaP/GaAs/Ge LFPVC with germanium substrate thinned
to thickness ~ 15um and below. One of such problems
is increase in recombination losses on the back side of the
germanium cascade as the thickness of the germanium sub-
strate decreases [17]. This complicates achievement of the
maximum level of improvement of weight-energy character-
istics of LFPVC by its unit weight decreasing. Measures
shall be taken to decrease concentration of the recombina-
tion cites of minor carriers and to create barrier for them on
the back side of the germanium substrate. Concentration of
the recombination centers can be decreased by germanium
oxides removal from the substrate surface directly before

an ohmic contact formation in a metal deposition unit,
for example, by ion bombardment. Additional passivation
of the germanium surface cleaned of oxides is possible
using layers of amorphous and epitaxial silicon [21-24].
But difficulty is that suggested in literature methods with
silicon layers deposition suppose the germanium substrate
heating to temperature above 300°C. For composite object,
which is LFPVC (see below), such heating is inaccessible.
The known methods of back barrier formation have the
same temperature limitations on applicability. For example,
in paper [25] the ohmic contact and the back barrier of
separate germanium converter are formed simultaneously by
sputtering Al layer and further product annealing to 426°C.
Note that ohmic contact formation to germanium of p-type
is not a complex objective, and its formation does not
require significant heating of the product (see [26]).

As per structure InGaP/GaAs/Ge LFPVC is a thin film
multi-layer composite structure, which layers are attached
with each other by adhesion forces of various nature. The
materials used for LFPVC creation differ significantly from
each other in their physical, chemical and technological
properties, which significantly complicates design and man-
ufacturing technology of the converter. In [27] discussing de-
sign and manufacturing technology of two-cascade LFPVC
based on InGaP/GaAs/Ge HES with completel;y removed
germanium substrate, the authors consider in detail the
issues of thermomechanical stresses, technological stability
of the converter, as well as the role of polymeric materials
in stress compensation. Note that in case of germanium
substrate complete removal LFPVC achieves high flexibil-
ity [27], limited exclusively by flexibility of the cover glass.
This is due large deformation potential AMBY of HES
with thickness of ~ 5um. But experience [27] can not
be completely applied to LFPVC with thinned germanium
substrate. The problem is brittleness of the germanium layer,
which is observed even after thinning to 15um and below.

The carrying element of LFPVC structure, which to a
large extent determines its strength characteristics, is film
polymeric carrier. Polyimide films are most often used as a
base for flexible carrier. This material has required radiation
resistance, high mechanical and temperature characteristics.
It is used to manufacture aerospace equipment parts and
flexible electronics, both independently and as part of
composites. More details of advantages and drawbacks of
polymide film use as base for the flexible carriers are given
in [27]. Here the methods of compensation the polymide
film drawbacks both at design, and technological level are
suggested.

When developing design and manufacturing technology
of LFPVC we need to solve problems relating strengthening
and protection of periphery of thinned heterostructure and
places of electric leads attachment to it. The critical
operation during InGaP/GaAs/Ge LFPVC manufacturing is
attachment of electric leads to layers of back metallization of
the heterostructure attached on the cover glass via the layer
of elastomer. The extreme brittleness of the semiconductor
web, and especially its edge console, applies additional
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limitations for the allowable level of local thermal and me-
chanical loads during leads attachment to the metallization
layer. Note that design of flexible carrier and electric lead of
back contact of LFPVC will be mainly determined by exact
features of architecture of flexible PGP and SC as a whole.
For example, in paper [15] the option of organization the
back contact lead via holes uniformly distributed in the foil-
coated web of the polymer carrier over full surface of PVC.
Switching of the back contact with foul-coated outer surface
of the flexible carrier is provided by soldering using indium
through these holes. At that the foil-coated surface can be
used to form the elements of the conductor infrastructure.
The authors successfully implement the described method
of lead connection to the back contact on a fragment of PVC
mass-produced at AZUR after the germanium substrate
thinning to ~ 50 um. Possibility of such approach use at the
substrate thickness below 20 um is not obvious and requires
verification.

To reduce the probability of destruction of the thinned
PVC during technological manipulations it shall be secured
on a temporary carrier [16,18]. The cover glass can serve
as the temporary carrier. Such approach is suggested in
paper [6]. The authors note that strengthening by the cover
g;ass is necessary for PVC with semiconductor part thinned
to 50um and below. In [16] it is suggested to use the
technological carrier even in case when the thinned PVC is
already provided with cover glass.

The main problem of the method of thinning the large-
area substrate by its dissolving is the selection of the etchant
composition and etching modes. The etchant shall have high
planar homogeneity of vertical etching rate not depending
on nature and degree of surface relief development at macro-
and micro-levels. It is desirable that the original surface
relief be preserved during the etching process without
visible change of its planar and vertical characteristics until
the substrate material is completely removed. In this case
there is possibility to form light diffusing elements on the
substrate surface prior to its thinning and their keeping
during thinning. Dependence of dilution rate on time is not
critical characteristic. It is important that the etchant has
low selectivity with respect to structural defects penetrating
the HES (dislocations, stacking faults, microcracks, etc.).

To remove and thin the germanium substrate generally
etchants based on hydrofluoric [28-30] or orthophosphoric
acids [16,27,31] are used. Use of the etchants based on the
hydrofluoric acid is not desirable, as it exhibits high activity
towards many structural materials, ans also to tissues of the
human body. So, reliable protection of the cover glass, end
surface of HES and germanium p—n-transition is necessary
against destructive effect of the etchant. Etchants based on
orthophosphoric acid are more preferable. Regardless the
etchant composition for the substrate thinning it is expedient
to use method of chemical-dynamic etching (see [30]).
Previously for Ge substrate complete removal we used two-
stage technology of chemical-dynamic etching [27]. Modes
selected in [27] generally correspond to the above specified
requirements.
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Note that experimental studies aimed to solve the prob-
lems of design and manufacturing technology development
for LFPVC are generally implemented using model samples
with simplified design with relatively small dimensions. Ap-
proaches successfully implemented using simplified scheme
cannot always be successfully reproduced when applied
to full-size PVC. So, it is expedient to perform searches
based on standard full-size PVC. It is also important that the
suggested solution will have the potential of their adaptation
to conditions of PVC mass production.

2. Design of experimental
InGaP/GaAs/Ge LGPVC

Design and manufacturing technology of the experimental
LFPVC were developed based on InGaP/GaAs/Ge solar
energy converter with form factor 40 x 80 mm and ger-
manuium substrate 145um thick mass produced at JSC
moaturn“Initial PVC used for LFPVC manufacturing were
equipped with radiation protection glass 120 um thick,
electrical leads of face contact and shunt diode, but did
not have back layers of ohmic contact and metallization.
The initial PVC were manufactured completely as per
the standard technology using standard components and
materials.

The layout diagram of the experimental LFPVC is pre-
sented in Fig. 1. Thick contour line shows the standard PVC
with thinned germanium substrate. LFPVC architecture is
made around the semiconductor heterostructure. Herein
the heterstructure means a complex comprising germanium
substrate / and HES AMBY 2. On HES upper side a system
of face contacts is formed 5, and anti-reflective coating (not
shown in Figure). Flexible electric leads are connected to
mesh of face contacts 6. PVC face side is covered by
cover glass of radiation protection 4. The cover glass is
attached using transparent glue 3. On back side the thinned
germanium substrate a solid ohmic contact is formed, and
layers of back metallization 11 are applied, the flexible
electric lead 16 is connected to them. The end periphery
of HES and Ge p—n-transition are protected with dielectric
layer 70. The supporting base of LFPVC is the composite
flexible carrier /4, formed on the basis of polymer film.
The flexible carrier is attached to the back side of PVC via
a layer of adhesive /3. The design takes into account the
need to increase the reliability of the face electrical leads
attachment. For this the lead bases are attached by adhesive
tie 7 to the glass and layer of transparent glue, squeezed
out in some quantity from the gap between the glass and
the heterostructure when they are mated at stage of initial
PVC manufacturing. Before the tie formation, a reagent is
applied to the attachment points to increase the materials
adhesion. All periphery of thinned PVC is protected against
physical-chemical action during manufacturing and testing
of LFPVC 9. Strengthened attachment of PVC to flexible
carrier is provided along the periphery of the cover glass to
reduce the probability of delamination of LFPVC composite
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Figure 1. Layout diagram of experimental LFPVC: I — thinned
Ge substrate, 2 — A"BY HES, 3 — transparent glue layer,
4 — glass, 5 — face contact, 6 — flexible lead of face contact,
7 — Additional attachment of face contact lead, § — isolating
insert, 9 — strengthening of periphery of thinned PVC, 10 —
Layer of passivation of HES periphery and p—n-transition of
germanium cascade, // — back contact, /2 — contact pad of
back contact lead, /3 — silicon compound, /4 — polyimide film,
15 — additional fixing of periphery of thinned PVC to carrier,
16 — back contact lead, /7 — shunt diode lead.

structure under action of loads occurred during its bending
and twisting /5.

The flexible carrier and the back contact lead are assem-
bled into a single composite thin-film structure. The support
base of the structure is polymide film 25 um thick 74, to it
the aluminium foil 10 um thick is glued. On composite
web of the flexible carrier the uniformly distributed array of
convexes is formed protruding to height of 20 um above its
plane at side of the aluminium layer. Peaks of convexes 12
are contact pads for leads. The contact pads distribution
over the back surface of PVC is shown in image of LFPVC
back side (see ,,Back view* in Fig. 1). The mechanical
electric contact between the lead and the metallization
layer of LFPVC is formed by pressing the array of contact
pads to layer of back metallization 7/ during the flexible
carrier adhesion to PVC in vacuum. The force of elastic
contact pads pressing to the back metallization is ensured by
deformation of their three-dimensional profile. The flexible
carrier is fixed to PVC using glue layer applied on the flat
aluminium surface between the convexes.

3. Manufacturing of LFPVC samples

Two groups of samples were prepared. One — without
thinning of the germanium substrate, and another one —
with its thinning. Each group comprises samples both with

silicon sublayer, and without it. Group of thinned PVC
comprises two samples. The sample with sublayer of
silicon is designated as AS, and without sublayer —
A. LFPVC group comprises 4 samples. Two samples
with sublayer of silicon (B$ and BS) and two samples
without sublayer of silicon (B; and Bj). Samples with
thinned germanium substrate differ from each other by
thickness of germanium cascade (D) and by amount of
deposited silicon (Q). As unit of measurement Q the atomic
monolayer (AML) is selected. One AML corresponds to
number of atoms required to fill all lattice nodal positions
on the plane Ge(001). Data relating residual thicknesses of
the germanium substrates and amount of deposited silicon
are given in Table 1 (see Sec. 4).

3.1. Substrate thinning

Route of LFPVC manufacturing starts from germanium
substrate thinning. Thinning is performed by chemical-
dynamic etching in a solution based on orthophosphoric
acid, hydrogen peroxide and water. PVC is attached to
the reusable film technological carrier using adhesive layer
based on organosilicon compounds. Technological carrier
with PVC is transported onto the object table of the etching
unit. During thinning the table executes plane-parallel
planetary motion relative to the inclined axis of rotation of
the etching bath. The bath contains additional structural
elements ensuring intensive motion of liquid above the
surface of the germanium substrate. Time for removal
of 135um germanium is about 3.5h. During etching
the solution is not updated. Average rate of etching is
~ 0.62 um/min at 23°C. The etchant composition, solution
temperature, modes of its stirring and flow above the sample
surface ensure uniform removal of germanium over full
surface of PVC. Maximum height difference of the residual
portion of the substrate during removal of ~ 140um of
material is estimated to be about 5 um.

Quality of removed material is monitored using easy
removable satellite-sample attached directly near one of
sides of PVC. The satellite is manufactured by glueing the
heterostructure without cover glass to the silicon mandrel
using non-shrink epoxy adhesive. During removal of ~ 75%
of germanium to be dissolved the check measurement of
satellite-sample thickness is performed, and time required
to complete the process is calculated.  Thickness is
measured by a micrometer. Final thickness check of residual
germanium layer cane be performed by optical microscopy
methods using sections of transverse chips of satellite-
sample. Fig. 2 shows photo of cross-section of satellite-
sample with D ~ 6.5 ym.

3.2. Germanium surface passivation by silicon
atoms

Experiments were performed on passivation of oxidized
surface of thinned germanium substrate with ultra-thin
layers of silicon formed from atomic flow in ultra-high
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Table 1. Characteristics of samples of PVC and LFPVC

Sample D Q I SC, UOC, I Pmax, UPmax, Pmax, F F, Nmax
um AML A \Y% A \Y% w % %

C 145 0 0516 2.686 0.499 242 1.208 87.13 293

A 145 0 0.518 2,661 0.498 2.348 1.169 84.84 28.36
AS 145 6 0.520 2.652 0.499 2.348 1172 82.02 2843
B ~ 15 0 0.523 2622 0.490 2.263 1.109 80.80 26.89
B, ~ 8 0 0.520 2.609 0.481 2263 1.089 80.16 25.82
BY ~ 10 6 0.520 2613 0.497 2.292 1.139 83.78 27.60
BS ~ 10 9 0.522 2.575 0.501 2.264 1.134 84.45 2752

Figure 2. Cross-section of satellite-sample with thinned to
~ 11um InGaP/GaAs/Ge heterostructure without anti-reflecting
layers and face contact infrastructure. The ruler division is 5um.
1 — heterostructure, layers A”"BY HES and germanium substrate
have same contrast, 2 — glue layer, 3 — silicon mandrel.

vacuum conditions at a temperature not exceeding 80°C.
Passivation was performed prior to application of the ohmic
contact and metallization layers.

Samples before loading into vacuum were treated in the
etchant based on orthophosphoric acid, the composition of
which differed from the composition of the etchant used to
thin the substrate. Treatment was performed to create on the
germanium surface of the relief satisfying the requirements
of epitaxy from molecular flow into two-dimensional layer
mode, and to form thin oxide layer.

The silicon layers were grown in machine for MBE of
compounds AMBY. To form silicon atoms flow the crucible
source was used intended to alloy the layers of compounds
A"BY. Rate of silicon deposition was 0.017 AML/s (atomic
monolayer per second). Special heating of samples was
not applied, but due to heat radiation of the silicon source
the samples temperature increased to values not exceed-
ing 80°C. Note that samples comprising polymer materials,
used for LFPVC manufacturing, can be heated to 160°C
not disturbing conditions of ultrahigh vacuum, which was
identified as result of the preliminary experiments.

The surface state of germanium in MBE machine was
monitored by reflected high-energy electron diffraction
(RHEED). In RHEED pattern from initial surface we
observed relatively intensive and narrow reflexes from Ge
face (001) without structural features. Point reflexes Point
reflections from transmission diffraction and signs of surface
faceting were absent at all azimuths. During deposition of
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first 2—3 AML the clarity of linear reflexes increased some-
what. Upon further Q increasing the diffuse background
began to increase.

Samples with deposited silicon were handed over for for-
mation of ohmic contact and metallization layers after they
were held under normal conditions in atmosphere during
one day. Additional chemical treatment and ionic cleaning
of samples with silicon sublayer were not performed.

3.3. Formation of ohmic contact and metallization
contacts

Unalloyed ohmic contact on samples both with and
without the silicon sublayer was formed based on titanium
by vacuum sputtering.  Samples temperature did not
exceed 80°C. Unmonitored samples heating was determined
by heat radiation of the metal sources. Total thickness of
layers of back metallization did not exceed 0.5 um. Samples
whithout silicon sublayer before loading into vacuum were
treated in the etchant based on orthophosphoric acid and
additionally cleaned by ionic bombarding just before the
ohmic contact formation. The etchant composition and
processing modes are identical to the samples preparation
for silicon deposition.

3.4. LFPVC assembly

After the metallization layers application the flexible
carrier with back contact lead was glued to samples. The
flexible carrier connection with PVC was made by vacuum
lamination. For this atmosphere was removed from the
gap between the flexible carrier and PVC. The uniformly
distributed load created by atmospheric pressure through a
silicone membrane was then applied to the flexible carrier.
In case of unthinned samples the flexible carrier and exter-
nal lead of back contact were not used, as the strength of
thick germanium substrate ensures measurements without
risk of the heterostructure damage on back side, and
bending tests of these samples were not expected.
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Figure 3. CVC of PVC with unthinned substrate: 7 (dots) —

sample C; 2 (solid line) — PVC without silicon sublayer, A; 3
(dashes) — PVC with silicon sublayer, As.

4. Properties of experimental LFPVC

4.1. Current-voltage curves of samples

Samples of LFPVC and PVC with unthinned substrate
were tested at simulator of sun radiation AMO of permanent
burning at object table temperature 28°C. To fix LFPVC on
the object table the vacuum clamp was used. Under con-
ditions of continuous illumination some overheating of the
semiconductor part of LGFEP was possible in relation to
the object table temperature due to the flexible composite
carrier presence between it and the object table. But due to
low thickness of the flexible carrier (some tens of ym) and
the layer of aluminum foil included in its composition, and
having good thermal conductivity, the possible overheating
was not considered.

Table 1 presents basic photovoltaic characteristics of
the experimental samples and reference (standard) PVC
designated in Table with symbol C: short circuit current —
I sc; no-load voltage — Ugpc; current and voltage at point
of maximum power — Ipmax and Upmax respectively;
maximum power — Ppn.; CVC filling factor — FF;
converter efficiency in point of maximum power — Nmax.
Also data on thicknesses of germanium cascades D and
amount of deposited silicon Q are provided.

Fig. 3 shows CVC of unthinned samples A and AS, and
reference PVC C. Properties of samples of type A are very
close to each other (see lines 2 and 3). Some increase
in value of nmax at transition from A to AS (Table 1) can
not be unambiguously associated with the effect of silicon
sublayers.

Observed difference of CVC of samples A and AS from
curve of reference sample is due to presence in them
of series resistor, which is explained, probably, by low
thickness of metallization layers of PVC A and AS. Their
back metallization was equal to ~ 0.5um only, opposite to
metallization of sample C equal to several um.

.-
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Figure 4. CVC: I (thick line) — sample A, 2 (dashes) — BY,
3 (thin line) — B, 4 (dot-dash) — By, 5 (dots) — Ba.

LFPVC CVC are shown in Fig. 4. Thinned samples BY,
B?, B; and B, have lower values of no-load voltage as
compared to samples of type A (Table 1). Characteristics
of sample B; with D = 15um are somewhat better than
characteristics of sample B, with D = 8 um. Differences
are observed in relation to FF, Pp.x and nm.x. But in
this case we can not make unambiguous conclusion that
differences in values of characteristics are due to differences
in thicknesses of the residual germanium layer — for this
we have low data relating D effect on LFPVC properties.

Comparison of curves in Fig. 4, and data of Table 1 ensure
conclusion that LFPVC samples with silicon sublayer have
higher photovoltaic characteristics than samples without
sublayer. The low value of the no-load voltage of B?
sample in relation to other LFPCVs is noteworthy (Fig. 4,
line 3). Nevertheless values FF and 7,y of sample B? are
comparable with values of the appropriate characteristics of
sample BY'. As per structure the samples BS' and BY differ
by value Q only. Amount of the deposited silicon in case
of sample BS is by 1.5times higher than in case of BJ
(Table 1).

4.2, Weight and size characteristics of LFPVC

Table 2 shows weight and size characteristics of LFPVC
BY, and its components.

According to Table 2 thinning of the germanium sub-
strate to 10um ensures decreasing of weight and size
characteristics of converter under the paper implemented
design and technological solutions by ~ 2 times as compared
to standard PVC. The weight and size characteristic of
LFPVC BlSi in point of maximum power is ~ 632.8 W/kg,
and of standard PVC — ~ 327.40 W/kg.

4.3. LFPVC flexibility test

The experimental LFPVC was bend tested using cylin-
drical mandrel with diameter of 108 mm (Fig. 5). During
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Table 2. Weight and size characteristics of the initial PVC, LFPVC Bf and its components

Unit of Parameter
Parameter

measurement value
Weight of standard PVC with size 40 x 80 mm and germanium substrate with thickness g ~ 3.69
145 um, cover glass ~ 120 um thick, flexible leads and layers
of back metallization
Weight of initial PVC with size 40 x 80 mm with germanium sibstrate with thickness g ~ 3.45
145 um, cover glass ~ 120 um thick, flexible leads, but without
layers of back metallization
Area of initial and standard PVC cm? 30.17
Area of cover glass of initial and standard PVC cm? ~ 30.41
HES thickness um ~ 4.50
Residual thickness of LFPVC germanium substrate um ~ 10
Thickness of flexible carrier web (not considering height of contact pads) um ~ 50
Total thickness of LFPVC (considering height of contact pads) um ~ 250
Weight of thinned PVC g ~ 1.28
Weight of flexible carrier of FLPVC g ~ 0.50
Total weight of LFPVC g ~ 1.80
Weight of FLPVC reduced to area of initial PVC kg/m?> ~ 0.60
Weight of standard PVC reduced to its area kg/m? ~1.22

Figure 5. LFPVC attached on mandrel with diameter of 108 mm.

testing one of short sides of LFPVC was fixed on the
mandrel along the glass edge using strip of adhesive tape.
Further the converter was pressed in series to the mandrel
by force distributed along the contact line between LFPVC
and mandrel, with gradual shift of this force from the
secured edge of LFPVC to free edge. Single deformation
cycles have no visible effect on LFPVC characteristics. Test
for resistance to multiple bending was not performed as
design and manufacturing technology of LFPVC at this
study stage were not optimized for this objective.

It was found that the bending radius of 54mm is
very close to the critical one for this design of LFPVC
and glass thickness 120um. This is confirmed by the
glass destruction near its transverse axis of symmetry at
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insignificant radial deformation of the mandrel, increasing its
curvature at LFPVC location. When mandrel of somewhat
larger diameter is used such effect was not observed.

5. Discussion of results

5.1. Design

Architecture of experimental LFPVC was not optimized
by composition, thicknesses and method of components
interfacing. The suggested solutions are experimental. So,
design of the flexible carrier and method of its interfacing
with the converter ensured the problem solution of reliable
connection of electric leads to the back contact of PVC with
germanium substrate thinned to below 15um. The sug-
gested approach is suitable to manufacture the experimental
samples of full-size LFPVC and to test them at laboratory
level. However, its applicability for the manufacture of
LFPVC intended for use in actual conditions is not obvious
and requires study. Generally, LFPVC design requires
further comprehensive studies directed on its optimization
to increase the converter resistance to aby effects, including
contact loads from the flexible carrier side.

5.2. Germanium substrate thinning

The above evaluation of etching heterogeneity given
as heights difference 5um upon deletion of 140 um Ge,
probably, is overestimated. Direct measurement of sample
thickness over its area using the mechanical instruments
was difficult due to extreme brittleness and low rigidity
of ultra-thin heterostructure laying on elastic glue layer
about 25um thick. So, evaluation was made by etching
rate and time period between moment of first window
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appearance in germanium, which provides access to layers
A"BVY, and moment of complete removal of all substrate
traces visible by naked eye. Measurements of sample
thicknesses over its area at reference thickness of substrate
~ 50 um provide evaluation of heights difference 3um at
linear extrapolation of the obtained data to 140um of
removed material. Note that it is advisable to thin PVC
on which the front contact leads and the shunt diode are
already installed. This requires measures protecting leads
from etching solution flow, and decreasing local disturbing
effect of their protection elements on the fluid flow modes.
To increase homogeneity of etching it is necessary to
improve design of the chemical-dynamic etching unit. and
to optimize the etchant flow modes.

One of features of technology use of germanium sub-
strate thinning is reproduction of the original surface
macrorelief without visible changes in its geometry up
to the complete removal of the material. Keeping of
the relief pattern is observed at the background of in-
creasing of surface reflectivity, ie. surface smoothening
is performed at level of relief elements with dimensions
below 1um. Probably, etching is implemented using layer-
by-layer dissolving of terraces with orientation (001) during
localization of processes of material dissociation along their
edges.

Main factors determining density of the recombination
cites are composition and structure of oxide layer, and
structure of interface between it and semiconductor. The
interface properties are significantly affected by the surface
relief of the crystal at level of atomic terraces and their
systems. The terraces are formed both due to the substrate
deviation from singular face (001), and due to violations of
surface flatness. Irregularity of edges of the terraces and the
presence of small pits and protrusions of nanometer size
on their surface are undesirable elements of the relief even
in the absence of oxide. Due to this after the substrate
thinning additional finish etching of the germanium surface
was performed to improve the surface relief ordering at level
of terraces system.

As it was mentioned above, on RHEED pattern from
the initial surface only basic linear refluxes of the
face (001) are observed, at that point reflexes and signs
of faceting were absent. This means that surface of
the thinned substrate is formed by terraces system (001)
without tree-dimensional objects of nanometer-scale, on
which the transmission diffraction and facets formation
can be implemented. @ The observed RHEED pattern
ensures the conclusion that on surface there is oxide
layer of low thickness, this is confirmed by relatively
high intensity and small width of the basic linear re-
flexes upon absence of overstructural features. So, se-
lected mode of chemical-dynamic etching and additional
etching of surface just before samples location in vac-
uum ensured significant decrease in relief development at
the level discussed above, and formation of thin oxide
layer.

5.3. Passivation of germanium surface and
photovoltaic properties of LFPVC

Selection of the passivation method of oxidized germa-
nium surface using silicon atoms deposited under conditions
of ultra high vacuum from atomic flow, is determined
by data of papers [21,32,33]. As, in [21] possibility
of epitaxial layers of silicon to decrease concentration of
surface states of germanium, and optimal conditions of
such layers formation are discussed. The authors [33]
demonstrated high reducing activity of silicon atoms arriving
at the oxidized surface of GaAs under ultra high vacuum
conditions in the form of atomic flow. It turned out that
the silicon atoms can restore GaAs oxides even at room
temperature. Paper [32] showed that the epitaxial films of
silicon with thickness of several atomic monolayers, grown
by MBE method on surfaces GaAs (001) and (111) prevent
the crystal oxidation in atmosphere. We suppose that as
a result of interaction of silicon atoms flow and oxidized
surface of germanium its oxide modification will occur with
decrease in concentration of free states, and protective film
will be formed preventing further oxidation of the substrate
in atmosphere.

Data obtained in this paper ensure conclusion that silicon
atoms entering germanium surface in number equivalent
to several atomic monolayers modify the oxide layer and
prevent its thickness increasing upon further holding in
atmosphere. We believe that modification of the oxide layer
facilitates decreasing of minor carriers recombination on the
back side of thinned germanium substrates. Fig. 6 shows the
normalized CVC of LFPVC and PVC with substrate 145 um
thick for AMO (Table 1). CVC of LFPVC with D > 10um
form two groups of lines: {2, 3} and {4, 5}.

LFPVCs with silicon sublayer have higher characteristics
(lines 2, 3 in Fig. 6, Table 1). In present paper the
detailed analysis of CVC was not performed due insufficient
statistics of samples in each group. Join analysis of CVC of
large number of LFPVC with identical design is necessary
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Figure 6. Normalized CVC: I (bold dots) — sample AS, 2 (thin
solid line) — BY, 3 (dashes) — B}, 4 (thick solid line) — By, 5
(small dots) — B;.
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considering nuances of their manufacturing technology and
state of periphery of thinned heterostructure.

Let’s discuss the possible mechanism of silicon atoms
effect on the oxide layer of germanium surface, based on
RHEED data. Considering high restoration ability of the
silicon atoms we can suppose that silicon atoms approaching
the surface enter in oxidation-reduction reactions, which
change composition and structure of oxygen containing
layers, including on heterboundary germanium—oxide. Ef-
ficiency and mechanisms of exchange heterogeneous reac-
tions are monitored by molecular form, in which silicon
enters the surface. Individual adsorbed atoms enter in
exchange reactions more effectively, and mechanism of
reactions is easier. During formation of solid polycrystalline
or amorphous film of silicon the exchange processes will
occur even between solid phases. Their rate can be lower
than rate of reactions between individual adsorbed atoms
and near-surface layers of oxide, so the density of silicon
atoms flow shall be agreed with rate of exchange reactions.
In our case MBE method ensures monitoring with high
accuracy of mass transfer processes on surface. Change
of structure of oxide layer upon interaction with silicon
atoms can be evaluated by short-term width decreasing of
the linear reflexes of RHEED pattern during deposition of
first 2—3 AML. The further process of the surface holding
in the silicon flow was accompanied by a gradual increase in
the diffuse background of the RHEED pattern. Presumably,
the active phase of properties changing of the oxide was
completed by this time moment, and silicon atoms began to
accumulate on the surface in the form of the amorphous or
polycrystalline layer. It is difficult to determine the structure
of the upper part of the silicon layer using RHEED method
due to its small thickness.

Paper shows that amount of silicon deposited on the
germanium surface has meaning. This is confirmed by no-
load voltage decreasing in case of sample with Q ~ 9 AML
as compared to samples with Q ~ 6 AML, and samples
without silicon sublayer (Table 1, Fig. 4). The effect,
probably, is due to that with thickness increasing of the
silicon layer it tunnel transparency decreases, and the hole
barrier begins to contribute. Note that in MBE machine
ABV there is always a background of fifth group elements,
so the silicon layer can capture some number of atoms
of arsenic or phosphorus. In case of single-crystal or
polycrystalline structure the silicon film can comprise donor
levels, which in Ge/Si system can result in barrier formation
for holes during transition from germanium to silicon. The
barrier height will depend on doping level, mechanical
stresses, thickness of silicon film and its structure [34]. In
order to compensate for the donor impurity, the silicon film
can be doped with atoms of the third group.

In paper [25] the authors for simultancous formation of
the back ohmic contact and back barrier of individual ger-
manium converter we used aluminium layers with further
sample annealing to 426°C. high temperature of annealing
it is prohibited to use directly the suggested approach during
LFPVC manufacturing. remind that high technological limit
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of LFPVC heating under ultra high vacuum dose not exceed
160°C. But aluminium atoms, like silicon atoms, have high
reducing properties. In this relation it is interesting to study
of possibility of combined use of flows of silicon atoms and
aluminium atoms for surface passivation, formation of back
barrier and ohmic contact.

Conclusion

The design of experimental LFPVC is developed based
on PVC InGaP/GaAs/Ge with form factor 40 x 80 mm and
thickness of germanium substrate 145 ym mass produced at
JSC ,Saturn“. Samples of LFPVC are manufactured with
thinned to ~ 15, ~ 10 and ~ 8§ um germanium substrates
and thickness of cover glass ~ 120 um.

The manufacturing technology is based on results of liter-
ature data analysis and available in ISP SB RAN experience
of LFPVC manufacturing based on InGaP/GaAs/Ge struc-
tures with complete removal of germanium substrate [27].
Design and manufacturing technology of the experimental
LFPVC are developed and implemented to initial PVC with
cover glass, electric leads of face contact and shunt diode,
but without back ohmic contact and metallization layers.

Technology of chemical-dynamic thinning of PVC germa-
nium substrate is tested. Problems of ensuring homogeneity
of etching, quality of obtained surface, keeping integrity and
operation characteristics of pre-installed structural elements
of PVC are solved. Height difference over surface during
the germanium layer removal ~ 140 um thick does not
exceed Sum. The etchant is prepared based on orthophos-
phoric acid and hydrogen peroxide. Average etching rate
over time during selected modes of fluid flow above the
substrate surface is 0.62 um/min at 23°C. Surface structure
of thinned germanium substrate at microlevel corresponds
to the requirements necessary to implement the epitaxial
processes using molecular flows.

Experiments are performed on passivation of germanium
surface with thin oxide layer by deposition using method
of MBE of silicon atoms in number equivalent to several
atomic monolayers. It is shown that silicon atoms deposited
on the surface at temperature below 80°C, interact with the
oxide layer and change its properties. The oxide layer mod-
ification, probably, ensures decreasing of the recombination
losses on the back surface of thinned germanium substrate.
There is possibility to optimize conditions of germanium
surface passivation on flow of silicon atoms under ultra high
vacuum in temperature range of 80 to 160°C.

Tests for bending strength of LFPVC with germanium
layer ~ 10 um show that at thickness of cover glass 120 um
the critical band radius of the experimental converter with
overall dimensions 40 x 80mm is close to 54mm. To
reduce the bend radius it is necessary to decrease thickness
of cover glass, for example, to 90—50 um.

Suggested and tested approaches to problem solution
of manufacturing technology of InGaP/GaAs/Ge LFPVC
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are promising and require further development as per the
following directions:

1. Study of possibility of germanium surface passivation
and formation on it of back barrier and ohmic contact with
combined use of atomic flows of silicon and aluminium.

2. Improvement of LFPVC in terms of its architecture,
materials used and manufacturing technology to increase its
strength under bending, twisting and contact deformations
from the flexible carrier side.

3. Optimization of modes of chemical-dynamic thinning
of substrate to increase homogeneity of etching rate over its
surface.
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