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Photovoltaic laser power converter based on germanium
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The diffusion doping of germanium and design features of a photovoltaic converter for operation with high-power
infrared laser radiation have been optimized. The chips are tested by using a uniform defocused and focused beam
with the wavelength of 1550nm. The monochromatic efficiency of ~ 20% (0.2W) is achieved in the case of
matching the spectral sensitivity of the converters to the operating wavelength of the laser.
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Introduction

Laser radiation (LR) conversion is separate and quick
developing direction in photovoltaic energetics covering
an increasing number of semiconductor compounds and
wavelengths [1-10]. The photovoltaic converters (PVC) of
radiation of different wavelengths A are used for remote
power supply of portable electronics, household appliances
and computer devices [11], re-charging of unmanned aerial
vehicles/robots [12-14], wireless transmission of optical
energy to self-contained [15] or remote object (including
space one [16,17]) etc. Medical applications are becoming
increasingly important — to increase service life of biolog-
ical prostheses, medical sensors [18,19], cardiac stimulators
and neurostimulators [20] implanted in patients. The areas
of application of remote optical signal transmission with
PVC participation are various and are constantly expanding.
At that the problem ,links“ of such systems stay the
same — LR effective generation and its back conversion
into electrical energy with minimum losses.

Germanium is widely distributed material of electronic
engineering, it is characterized by developed industrial
production and relatively low cost. The scientific literature
of last years discusses the possibility of germanium PVC
use during irradiation by LR with wavelengths 850 [21],
980 [22], 1310 [21] and 1550 nm [21, 22]. Special
attention is paid to 4 = 1550 nm entering the transparency
windows of the atmosphere and optical fiber, which makes
it possible to build open (through the atmosphere) wireless
reception—transmission systems and long fiber-optic com-
munication lines. Besides, for 1550 nm the effective erbium
amplifiers are available, they can operate with optical signal
practically without its distortion [23,24].

The monochromatic efficiency of germanium-based PVC
LR for A = 1550nm significantly exceeds efficiency (n)
of similar solar cells. Practically achieved values
of n for spectrum AML1.5 are presented in Fig. 1 by
lines 7—3 [25,26], monochromatic efficiency — by crimson
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color histogram [21]. Maximum values of monochromatic
efficiency of idealized PVC (yellow color histogram) for
various LR wavelengths are given for photocurrent value
1A-cm?.  Calculations of idealized PVCs [27] did not
consider losses for LR reflection from PVC surface, for
shadowing by contacts, as well as recombination losses.
From Fig. 1 it follows that nowadays achieved values of
monochromatic efficiency of converters are significantly
lower than the limit values. Assurance of high efficiencies
at relatively simple converter structure and reproducible
technology for its production will allow ,,exhibition” of new
application of the germanium and such PVC integration into
wireless energy transmission systems via open channel or
via optical fiber.

The present paper relates to adaptation of germanium-
based PVC technology for wavelength of industrial laser
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Figure 1. Histogram of efficiency values at wavelengths 850,

1310 and 1550 nm for idealized (yellow color, [27]) and practically
implemented (crimson cover, [21]) PVC based on germanium.
Dashed curves show efficiency values for solar cells: / — AML.5,
phosphorous diffusion in Ge [25]; 2,3 — AML.5, zinc diffusion
into structures GaAs/Ge obtained by MOVPE and liquid-phase
epitaxy [20].
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with 4 = 1550nm and study of their possibilities upon
irradiation by uniform and non-uniform incident LR.

1. Experiment

1.1. Features of technological process of PVC LR

Structures of PVC LR were formed by diffusion doping
from gaseous phase. The process was performed in
hydrogen stream, preventing substrates oxidation. Diffusion
was carried out through a pre-formed dielectric mask (SizNy
or SiO,), protecting side surface of PVC against formation
of p—n-transition (Fig. 2) and, hence, decreasing leak
currents. Maximum of spectral response (SR) and minimum
of reflection (R) antireflective coatings (ARC in Fig. 2)
were matched to the wavelength of the incident radiation
A =1550nm. The choice of the dopant has been crucial.
Value of spectral response of PVC (SR) was determined by
the results of external quantum yield. Use of phosphine
did not allow reproducible production of photosensitive
structures with the required quality (SR < 0.2). Satisfactory
values of spectral response were obtained using diborane
B,Hs (SR<0.8) or Sb (SR<0.8, curve / Fig. 3,a).
Significant increasing of SR was obtained during zinc
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Figure 2. Structure of germanium-based PVC LR for single (a)
and two-stage (b) diffusion.
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diffusion (Fig. 3,5). Limit values of spectral response were

determined by expression SR(1) A(nm) = Am.

— q
~ hc-1000 1239.86°

1.2. Specific nature of doping with antimony

Diffusion of antimony and zinc was performed using a
graphite box ensuring creation of quasi-uniform distribution
of the diffuser vapors over the working surface of the
substrate.  During single stage doping with antimony
(temperature 600°C, 30 min) we observed worsening of
substrate morphology, which resulted further in significant
decrease photocurrent PVC LR. Diffusion temperature
decreasing reduced depth of p—n-junction, as result sig-
nificant current leaks occurred. Meeting of conflicting
requirements for structure and process were achieved by
complicating the technological cycle and forming variable
diffusion profile — with shallow (0.3 um) emitter and local
deep (0.7—1.0um) p—n-junction under contacts (Fig. 2, b).
Such two-stage technology was successfully used previously
to receive solar cells based on GaSb [9,28,29]. Curves /
and 2 in Fig. 3,a demonstrate values SR at single and
two-stage diffusion process respectively. In last case
the spectral response at 1550nm is close to theoretical
limit.

1.3. PVC optimization during doping with zinc

During doping with zinc high values of SR were reached
even during single diffusion process (Fig. 3,5). Diffusion
was performed at temperature 650—690°C.

Profiles of zinc distribution at different time of diffusion
annealing were measured by method of dynamic secondary
ion mass spectroscopy (D-SIMS) using secondary ion mi-
croprobe IMS-7f (CAMECA, France) using depth profiling.
The primary ions were 160; with kinetic impact energy
on sample 5.5keV, which focused on sample surface in
the beam with diameter 20um. Said beam scanned
over sample surface the raster with size 200 x 200 um.
As secondary (analytical) ions we used ion of matrix
BGet and ion of dopant ®*Zn*. Only analytical ions
emitted from central region of bottom ion etching crater
with diameter 33 um. This suppressed the contribution to
analytical signals of ions sputtered from crater walls on its
bottom.

The depths of dopant concentration profiles were mea-
sured by speed of ion etching, for this using the mechanical
stylus profilometer AMBIOS XP-1 (AMBIOS, USA) the
total depth of ion etching crater was measured.

Quantitative analysis of zinc impurity content by through
profile depth was carried out using the method of relative
sensitivity coefficients [30] with correction to values of iso-
topic abundances for analytical isotopes *Ge and %*Zn [31].
Results of D-SIMS of depth profiling of zinc distribution are
presented in Fig. 4.

Theoretical estimation for diffusion from permanent
source into semi-bounded body [32] is presented by dashed
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Figure 3. The spectral response of PVC upon doping with antimony (a) and zinc (b) during single (/) or two-stage (2) diffusion. For (b)

depth of location of p—n-junction d is 0.3 and 0.6 um.
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Figure 4. Theoretical distributions (dashed curves) and SIMS
profiles (solid curves) of zinc in germanium at temperature 670°C.
Time of diffusion annealing is: I — 20, 2 — 45, 3 — 90 min.
Calculated curves are presented for D ~ 11- 10~ cm?/s (1—3)
and for D ~ 2- 10~ cm?/s (3').

curves /—3. Atoms distribution through depth of the
semiconductor was estimated by formula

X
N =Ngerfc| — |, 1
0 (2\/5) M)
where diffusion coefficient was taken equal to

D~ (1-2)-10~"cm?/s [32]. Depth of p—n-junction
was calculated if value of concentration of residual donors
in substrate as substituted , and diffusion coefficient was
assumed as independent of Zn concentration.

Final dependence of depth of location of p—n-junction on
diffusion time at temperature 670°C is shown in Fig. 5. Data
of measurements by scanning-electron microscopes Cam-
Scan and JSM-35 are presented, as well as measurement
results of SIMS and theoretical dependences for calculation
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Figure 5. Depth of location of p—n-junction vs. diffusion time at
temperature 670°C: / — D =1-10"" 2 — 2. 107 cm?/s.

by formula (1) with diffusion coefficients D ~ 1 - 10~!4 and
~2-10" "4 cm?ss.

Maximum efficiency and reproducibility of parameters of
converters were obtained during zinc diffusion for ~ 35 min
(depth of location of p—n-junction < 0.3 um, data of JSM-
35). For thinner emitters in PVC LR the leak currents
increased during burning contacts. Besides, in case of
shallow p—n-junction the open-circuit voltage is more
critical to rate of surface recombination.

1.4. Design features of PVC LR

Ohmic contacts of PVC LR were created by sputtering of
thin films Au or Cr—Au with subsequent galvanic build-up
of metallization up to 1—3 um by electrochemical deposition
Au—Ni—Au (Fig. 2). To minimize the optical losses at
the final stage of the technological process the two-layer
antireflective coating ZnS—MgF, is applied, the reflection
spectrum of which is shown by curves R in Fig. 3.
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Figure 6.  Monochromatic efficiency of PVC at uniform

illumination, A: 1,3 — 1550, 2 — 1310 nm.

For effective energy reception-transmission in laser chan-
nels maximum possible densities of incident power will
be necessary. Together with increase in efficiency, power
of incident radiation (requiring, in turn, decrease in chip
size and its series resistor) becomes an urgent technological
problem. Diameter of light spot, obtained from the laser
during samples testing, also was limited. So, chips with
total size 2 x 2mm and 2.5 x 2.5mm were manufactured.
Area for radiation supply (designated illumination area)
Spia was 2 and 3.14 mm? respectively.

Configuration of contact mesh for both sizes of PVC
was practically same — with equidistant (50 and 100 um
respectively) location of contact strips (width 10 and 6 um
respectively) inside a round photosensitive region and wide
peripheral contact busbar (Fig. 6). Spia comprises area
of thin contact strips. Periphery contact busbar is located
beyond this zone [33]. With density increasing of power
incident to the sample the role of ohmic losses increases, so,
to decrease the series resistor of PVC with Spja = 2 mm?
the interval of contact mesh decreased, and the shading
coefficient increased from 6 to 20%.

For effective heat removal and to prevent overheating un-
der action of powerful laser radiation PVC s were installed
on heat conductive electric insulating boards of company
»Rezonit“ made of aluminium alloy having dielectric layer
and copper foil. Installation was performed using soldering
paste based on alloy PbSnAg with melting point 180°C.

2. Results

The ideal optical system shall create a round light spot
with uniform spatial distribution of incident power density
in photoactive area of PVC. Any distortions of beam and
mismatch of shape/geometric dimensions between the light
spot and the converter will cause efficiency losses. In actual
systems during LR transmission always definite unevenness
of radiation is created on the surface of the converter (7z-
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like distribution for scattered radiation, Gaussian or close
to it beam for single-mode and few-mode fibers [34],
more complex profile for multimode light guide [35]).
Besides, powerful LR will cause PVC heating and efficiency
decreasing. So, in present paper the output parameters
of chips were evaluated both in mode of uniform pulse
illumination (xenon lamp, flash duration ~ 1.5ms), and
partially nonuniform irradiation (continuous wave laser with
A = 1550nm with LR supply via optical fiber).

2.1. PVC efficiency during uniform LR

Pulse xenon lamp form uniform distribution of light flow
on surface of photoconverter and successfully simulates
radiation by laser without photodetector heating. Open-
circuit voltage Vo, short-circuit current |s¢, fill factor FF
and efficiency vs. LR power for uniform illumination
are presented in Fig. 6 and further in Fig. 8. Increased
metalization thickness and small interval of frontal contact
mesh ensured for the FF over 65%. At radiation power
0.2 W monochromatic (4 = 1550 nm) efficiency ~ 20% was
achieved (Fig. 6, curve 1). Data are provided for the
converter with diffusion doping with zinc, depth of location
of p—njunction 0.3 um and area Spis = 3.14mm?. Fig. 6
additionally contains dashed curve 2 for efficiency of said
PVC at 2 =1310nm (n=19.1%, 0.2W). The optical
signal transmission at wavelength 1310nm, as in case
A = 1550nm, is characterized by low losses (second fiber
optic transparency window).

For similar converter with Spja = 2mm? (Fig. o6,
curve 3) maximum monochromatic (2 = 1550nm) effi-
ciency n = 17.7% is achieved at 0.5W. Minor decrease
in peak efficiency in this case is mainly associated with
increase in shading coefficient of the photosensitive area
(20% instead of 6%). At that the region of maximum
efficiencies is shifted along density of supplied power
from 5—7 W/cm? to 10—40 W/cm?. The obtained values
of the monochromatic efficiency noticeably exceed the
earlier published practical results for A = 1550 and 1310 nm
(n = 15.9 and 8.5% [21] respectively).

2.2. PVC efficiency at non-uniform LR

When irradiating by laser with 2 = 1550 nm two options
of illumination were implemented:

— focused at center of converter by beam with Gaussian
distribution of power (curve I, Fig. 7). Radiation was
supplied through optical fiber. Round light spot was
characterized by large non-uniformity with intensity of
illumination radially decreased to periphery (Fig. 7).

— defocused using an optical homogenizer by radiation
with s-like profile of illumination distribution (curve 2,
Fig. 7, light spot with diameter ~ 2 mm, low non-uniformity
of LR).

For clarity inserts show graphical image of light spot on
PVC surface, where change in intensity is illustrated by
background coloring.
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Figure 7. Distribution of laser beam radiation intensity:
1 — Gaussian distribution of power (focused laser beam); 2 —
converted s7-like profile (defocused laser beam).
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Figure 8. Isc, Vioc, FF and efficiency of PVC (Spia = 2.0 mmz)
vs. LR power: [ — xenon lamp (uniform illumination),
2,3 — illumination by laser beam (4 = 1550nm) with weak
(ar-like profile) and large (Gaussian distribution) non-uniformity
respectively.

Supply of single light pulses of flash lamps do not
cause radiative heating of PVC during recording of current-
voltage curves and measuring of open-circuit voltage, this is
confirmed by logarithmic growth V¢ with illumination up to
values of incident power of LR 1 W. Similarly, irradiation by
pulse laser with 4 = 1550 nm does not result in significant
radiation heating of the converter located on the heat
sink and noticeable decrease in its Vo.. Data in Fig. 8
are presented by PVC illumination with Spijp = 2.0 mm?.
At incident power 0.4 W the converter demonstrates peak
efficiency 17.7% (Xe lamp, uniform illumination, curve 7).
Duration and period of laser pulses are 250 and 50000 us
respectively. Local inhomogeneity of illumination (focused
laser beam) facilitates the decrease in FF and, hence,
efficiency (An =2% at 1W, curves 3). Curves 2 show
dependence of PVC output parameters on power when laser

radiation id unfocused over sample area. Use of optical
homogenizer allows to reduce losses due to nonuniform
laser irradiation, and to obtain efficiency over 17% at
incident power 0.2—0.6 W.

Conclusion

The performed studies ensure to conclude that diffusion
doping from gaseous phase with zinc ensures forma-
tion of qualitative p—n-junction and reproducible creation
of photocell structures exceeding by spectral sensitiv-
ity the analogues with diffusion of diborane, phosphine
and antimony. In case of uniform irradiation of low-
size (Spia = 3.14mm?) PVC based on germanium the
monochromatic (1 = 1550nm) efficiency ~ 20% was ob-
tained.
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