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Abstract: In this work, we adapted and improved a commercial system designed to measure the
external quantum efficiency (EQE) and the internal quantum efficiency (IQE) of commercial solar
cells. With this purpose, we controlled and synchronized a monochromator and a semiconductor
device analyser Agilent B1500A in order to perform different electro-optical measurements being able
to measure very low current signals (~ 10713A). To verify that the system was working correctly,
we used a Si solar cell whose fill factor, efficiency and spectral response are tabulated. Furthermore,
we used this experimental setup to study a Si-NCs/SiO2 superlattice system deposited on a p-type
silicon substrate. In this study, we characterized the I(V') curve of the devices in dark and under
white light illumination. We measured the spectral response and IQE of devices containing different
NC sizes. IQE of ~14.2 - 20.5 were achieved in the 850-1000 nm wavelength range, and a shift of the
IQE edge to higher energies was observed when decreasing the NC size, demostrating electro-optical

quantum confinement.

I. INTRODUCTION

The project was divided in to two parts:

In the first part we adapted and improved a commercial
system designed to measure the external quantum effi-
ciency (EQE) and the internal quantum efficiency (IQE)
of commercial solar cells. We achieved the control of
the different elements of the system [Bentham PVE300
monochromator and Agilent B1500A semiconductor de-
vice analyser (SDA)] and synchronization of them by us-
ing Matlab in MatlabGUI interface [1]. We created a
panel in which the user can perform different kinds of
measurements (intensity as a function of voltage, spec-
tral response...) and data processing. Furthermore, the
system is adapted in order to reduce the noise level to
be able to measure small current signals (~ 10713 A4). Fi-
nally, we execute different measurements in a Si solar cell,
whose spectral response is tabulated, in order to verify
that the system is well programmed and works correctly.

The second part consists of the study of the electro-
optical properties of Si-NC/SiOs supperlattice devices
deposited on p-type silicon substrate using the previous
developed setup. In fact, Si NCs can improve the op-
tical absorption efficiency in respect to bulk silicon due
to the electronic quantum confinement of the electron
wavefunction inside the quantum dots (QDs). Moreover,
Si NCs present a bandgap energy that can be tuned by
controlling the Si NC size [2]. One of the potential ap-
plications of this kind of systems are all-Si tandem solar
cells [3], due to the combination of different bandgaps
achieved by different NC sizes, which can increase virtu-
ally the solar cell efficiency up to 85% [4]. In this work,
we focus the research in the optoelectric conversion of
Si-NC/SiO; systems. Due to the fact that these devices
are in an early stage of optimization, the electro-optical
conversion is expected to be poor, and a high-sensitive
experimental setup is needed to evaluate their electrical
response. Using this developed setup we were able to

determine the spectral response, EQE and IQE of Si-
NC/SiO4 supperlattices for different NC sizes.

II. EXPERIMENTAL DETAILS
A. Sample and device details

Prior to the study of the NC-based devices, the equip-
ment modification and control was checked by means of a
calibrated commercial Si cell, whose spectral response in
the studied range and photovoltaic parameters are well
known [5].

The Si NC devices under study alternate silicon-
rich silicon oxynitride (SRON) and stoichiometric sili-
con dioxide (SiO2) superlattices (SLs) [2], which were
deposited on wet chemically cleaned p-type (100)-Si sub-
strates (B-doped, with a base resistivity of 1-20 Q-cm) by
plasma-enhanced chemical-vapor deposition (PECVD).
In these samples the thickness of the SiOs barrier
layer (tsi0,) was held constant at 1 nm (the optimum
achievable thickness for efficient electron conduction [6]),
whereas the SRON layer thickness (tsron) was varied

FIG. 1: (Left) Sketch of the NC-based devices studied in this
work: Si NC/SiO; superlattices with ITO and Al contacts on
top and bottom, respectively. (Right) Cross-section scheme
of the superlattice structure. Lengths are not to scale.
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with values of 2.5, 3.5 and 4.5 nm. The total number of
deposited bilayers was five, the total nominal thicknesses
therefore being 17.5, 22.5 and 27.5 nm, respectively. In
all samples, the stoichiometry of the SRON layer was kept
constant at SiOg.93Ng.23, which corresponds to a Si excess
of 17 at. %, according to [Si]=(1—0.52—0.75y)/(1+z+y),
z and y being the [O]/[Si] and [N]/[Si] ratios, respectively
[7]. In order to precipitate and crystallize the Si excess
inside the SRON layers, the samples were annealed at
1150°C for 1 h in a high purity Ny atmosphere. To pre-
vent the oxidation of the layers close to the surface, a
10 nm SiO layer was deposited on top of the structure
before the annealing process. After the annealing treat-
ment, this oxide layer was etched in precisely controlled,
highly diluted HF without overetching into the Si NC
layer. Further details about the sample deposition can
be found elsewhere [8]. Finally, using a photolithographic
pattering, a 70 nm layer of indium tin oxide (ITO) was
deposited on the top of the devices and, on the bottom
of the p-type Si substrate, a full-area Al sputtering was
carried out. The Fig. 1 shows a sketch of the device.

B. Electro-optical measurements

In the Electronics Department of the Univ. of BCN, we

have a commercial system designed to measure the exter-
nal quantum efficiency (EQE) and the internal quantum
efficiency (IQE) of commercial solar cells. Furthermore,
the system has a quartz lamp that simulates the solar
spectrum. On one hand, it consists of one monochroma-
tor (with two diffraction gratings) coupled to two lamps
(xenon and halogen lamps). The system uses a differ-
ent lamp and diffraction grating depending on the wave-
length that has to be applied. On the other hand, we
used two high resolution probes, connected to an Agi-
lent B1500A SDA by means of triaxial cables, in order
to measure the electrical response of the devices either in
dark or under illumination conditions. In addition, de-
vices are placed on a thermal chuck that permits a good
electrical contact and allows controlling the temperature
in the range from 10 to 60°C.
Furthermore, the system has a bias lamp that reproduces
the solar power. Its intensity on the devices can be con-
trolled by means of a mechanical slit. Nevertheless, the
bias lamp does not reproduce the whole solar spectrum
(especially the UV-blue range).

Lamp | Monochromator

FIG. 2: Scheme of the experimental system after the synchro-
nization.

Treball de Fi de Grau

100 . ; . . : ,
T T T 0.03
50 Shiaass sy
80 |- = 1,=51.0:04mA e, +— Current 4
wl ", —+— Power !
2 P 1,=393:01mA . o 002
O SulpF=50 x2% " g .
] = + o o L et
ézn [ n =16.6+1.9 V/‘o‘,,» o, | % A
40 3 .,»*’ £y 0012 i
w0k .,«*'.‘ '/
g2 e Vinpp= 0.3820 01\\/\ Voc= 088001V N, /:/ |
ole n al 0.00
é F 00 02 voltage (v) 04 [ /_/';:/
€ o RS
o o
5 /
3 Va
-20 m
S
L J
/
40 |- A 3
e |~ Light (30015 Wim®)
T —«—Dark
-60 1
-1.0 -0.5 0.5

0.0
Voltage (V)

FIG. 3: Si solar Cell I(V) characteristics in dark and white
light illumination. The inserted graph show the calculation
of solar cell efficiency by I(V) under white light illumina-
tion. The white light illumination in both graphics is 300+15
W/m?, and the illuminated area is 300410 mm?.

Before the use of SDA, the commercial system could
only realise measurements with a maximum resolution of
107%A. After the implementation and computer control
of the SDA, we are able to do different kinds of measure-
ments with a resolution up to 107 13A.

The light intensity emitted by the system (lamp plus
monochromator) changes with the wavelength. So, to
normalize the spectrum obtained with the system we
needed to do one additional measurement, after every
spectrum acquisition, with a calibrated photodiode, in
order to normalize the spectrum of the sample for the
incident optical power. The final program can do this
normalization automatically. The user merely needs to
introduce the spectrum of the sample, the spectrum of
the photodiode and the photodiode calibration.

III. RESULTS AND DISCUSSION
A. Setup improvements and new functionalities

A userfriendly interface using Matlab 2012 has been
created that controls each system of the experimental
setup. Fig. 2 shows a scheme of the experimental sys-
tem after the synchronization via computer. The dif-
ferent measurements that the system can perform are:
intensity as a function of voltage (I — V'), intensity as a
function of the incident wavelength (spectral response),
I1-V for different wavelength (3D map: intensity-voltage-
wavelength), intensity as a function of time (I — t) and
high time resolution I — ¢. In the case of the I —t the
user can change the wavelength or voltage during the
measurement. The limit time precision of the high time
resolution I — t was 1 ms [9].
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FIG. 4: Si solar cell spectral response, reflectance, EQE and
IQE, at OV.

B. System verification: Commercial Si solar cell

To verify the implementation done within the first
part, we realized different measurements with a cali-
brated Si solar cell to verify that the system was well pro-
grammed and worked correctly. The first measurement
consisted in the study of the intensity as a function of
voltage. Furthermore, we calculated the fill factor (F'F)
and the efficiency (1) of the solar cell under illumination,
using Eq. (1) and (2), respectively.

Vinpp X Jmpp

FF =100 x 1
VocXJsc ( )

Pel,out =100 x Vmpp X Jmpp

op,in

n =100 x (2)

op,in

where Vi), and Jy,,, are the voltage and current den-
sity, respectively, at the maximum power point, whereas
Ve and Jg. are the open-circuit voltage and short-circuit
current density, respectively. Pej ot states for the total
electrical output power, while P, ;, is the total optical
input power (i.e. the solar power).

The maximum intensity permitted, in order not to
damage the system (current compliance), is about 50
mA. If we apply the power equivalent to the solar spec-
trum (1000 W/m?) the current of the solar cell is higher
than this current compliance. Thus, to carry out this
measurement, we reduced the power of the light radia-
tion (closing the lamp slit) until the current at 0 V is
about 50 mA. To be able to calculate the efficiency we
measured the optical power under these conditions with
a power meter. The measured optical power was 300+15
W /m?2. The obtained curves are represented in Fig. 3.
We obtained a I, = 51.0 £ 0.1mA, V,. = 0.59 £ 0.01 V,
Inpp = 39.3£0.1 mA, V,,,p, = 0.38+0.01V, FF = 50+2%
and efficiency of 16.6+1.9 % [using Eq. (1) and (2)]. The
measured parameters of the solar cell are in good accor-
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dance with the reference values provided by the manu-
facturer [5].

On the other hand, we performed a measurement of
intensity as a function of wavelength (spectral response,
SR) at OV in order to compare it with the reference re-
sponse. Fig. 4 shows the SR of the Si solar cell. The
SR is directly correlated with the EQE (Eq. 3). SR
and EQE can hinder a direct correlation with the phys-
ical mechanisms because it does not consider the light
reflected (R) by the sample, which does not contribute
to the generated current. So, we need to evaluate the

IQE (Eq. 4).
d)electrons he
EQF = ————— = SR x 3
Q ¢incidentphotons )\Qe ( )
IQE _ (belectrons EQE (4)

(babsorbedphotons 1-R

where ¢ is the flux, A is the wavelength, ¢. is the
electron charge, h is the Planck’s constant and c is the
speed of light in vacuum. Again, the SR concord with
the reference SR provided by the manufacturer (not
shown)[5].

C. Si NCs devices

Fig. 5 shows the current as a function of voltage in
dark and under bias illumination for Si-NCs devices. We
have the bottom contact (Al) grounded and the top con-
tact (ITO) connected to a potential (V) swept from -9V
to 9V.

In the accumulation region (V < 0), and in dark con-
ditions, a large current is carried by electrons that tun-
nel the SiOs barrier from the ITO contact to the QDs
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FIG. 5: I(V) in dark and under white light illumination for
Si-NCs devices with Si NC sizes of 3.5 nm in the accumulation
and inversion region.
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FIG. 6: Spectral response (a), reflectance (b) and IQE (c) of
Si-NCs devices Si NC sizes ranged from 2.5 nm to 4.5 nm.
Spectral response and IQE are performed at 8V (inversion
region).

and holes that tunnel the SiOy barrier from the p-type
Si substrate to the QDs. An electron and hole accu-
mulation appears in the ITO and p-type Si substrate,
respectively, and the electron and hole concentrations in-
crease rapidly with the voltage as the effective tunneling
barrier decreases in both cases. Under white light illumi-
nation, the current remains practically similar because
An < n (where An is the carrier density photogener-
ated and n is the carrier density in dark conditions). On
the other hand, in the inversion region (V' > 0), and in
dark conditions, a low current appears because electrons
are tunneling the SiOs barrier from the p-type Si to the
QDs, and this conduction is limited due to the density
of electrons in the p-type Si substrate (electrons are the
minority carriers). In this case, under white light illu-
mination, there is a strong increase current by a factor
of > 10% because An > n (see Fig. 5). Similar I(V)
behaviour was reported for Ge QDs embedded in SiOq
matrix [10].

Fig. 6(a) displays the spectral response of Si NCs at 8
V (inversion region) for the devices containing NC sizes
of 2.5, 3.5 and 4.5 nm, obtained by measuring the cur-
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rent under illumination (for each wavelength), and sub-
tracting the dark current at the given voltage, afterwards
normalizing for the incident optical power. We obtained
a responsivity of 14.0 A/W at 840 nm for Si NC size of
4.5 nm and 11.3 A/W and 9.0 A/W at 820 nm for Si
NC sizes of 2.5 and 3.5 nm, respectively. The spectral
response may be affected by the light reflected from the
systems, which does not contribute to the generated cur-
rent. To take this under consideration, we needed to cal-
culate the internal quantum efficiency (IQE) by measur-
ing the reflectance (R) at normal incidence [Fig. 6 (b)],
and then normalize by the number of absorbed photons,
AbsorbedPhotons = (1— R) x Incident Photons, for each
given wavelength. The IQE of the devices is represented
in Fig. 6(c), which shows a maximum IQE of 20.5, 14.2
and 17.8 around 800-900 nm, for Si NC sizes of 4.5, 3.5
and 2.5 nm, respectively [see Fig. 6(b)]. The IQE edge
is shifted towards high energies in comparison to bulk Si
(see Fig. 4) for all Si NC devices: in the bulk Si we have
the photocondutivity edge around 1000-1100 nm while in
the case of Si NCs it is around 850-1050 nm. Further-
more, there is a blue shift in the IQE edge depending
on the Si NC size: the IQE edge energy increases when
the Si NC size decreases. Actually, when reducing the
Si NCs size their energy levels are modified, due to the
quantum confinement effect, according to the effective
mass approximation (EMA). The discrete solutions for
the confined energy levels are given by AE,, = 2’;:?; -n?
[11], where A = h/27 is the reduced Planck’s constant,
m™* is effective mass of the carriers, a is the NC diam-
eter and n is the energy level. So, when the NC size
decreases, the energy of the levels, i.e. their bandgap en-
ergy, increases. Therefore, the energy of the bandgap in
first approximation is given by Eq. (5):

B
Eysincs(a) = Eg si + p (5)

where E; g; is the bandgap of the bulk material, B is a
coeflicient that depends on m™* and a is the QD diameter.
In the real Si-NC we have a non-infinite confining barrier
potential, so this approximation becomes inaccurate for
small crystal diameters.

In order to determine the bandgap energy of the NCs
devices, we used the IQE edge. We obtained band gaps
of 1.32, 1.29 and 1.24 eV for the 2.5, 3.5 and 4.5 nm NC
size, respectively. In Fig. 7 we compare these results with
the equation of confined energy states of the NC (Eq. 5),
electroluminescence (EL) measurements of identical Si
NC-based devices [12] and different photoluminescence
(PL) measurements of Si NCs reported in different publi-
cations (see ref. [13], [14] and [15]). Finally, the bandgap
energy of the devices calculated by the IQE edge is lower
than the EL and PL peaks. This is because in the devices
we have a contribution of the Si substrate that can not
be avoided. The effective Si NC-bulk Si system presents
an intermediate bandgap energy that therefore decreases
with respect to the expected bandgap for NCs (obtained
from PL and EL).
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FIG. 7: Summary of different publications reporting photo-
luminescence (PL) peaks and IQE edge of the studied NCs
devices as a function of Si NC size. Reported results on EL
of SI-NCs/SiO2 multilayers [12], PL of Si NCs obtained from
SRON multilayer annealing [13], PL of annealing of Si-rich
SiO2 [14] and PL of ion-implanted NCs [15] are displayed for
the sake of comparison.

IV. CONCLUSIONS

In summary, in the first part we developed a commer-
cial system to measure small signals. We are now able
to measure signals of ~ 107'¥A and we can carry out
different kinds of measurements with the new controlling
program. Furthermore, we checked that the program is
working correctly by carrying out different measurements
using a calibrated Si solar cell.

In the second part, the Si-NC/SiO2 superlattices de-

posited on p-type Si substrate with ITO (front) and Al
(back) contacts, present an IQE of 20.5 at 890 nm, 14.2
at 820 nm and 17.8 at 840 nm for the Si NC sizes of 4.5,
3.5 and 2.5 nm, respectively. Furthermore, we observed
a blue shift in the IQE edge of the latter devices in com-
parison to bulk Si. The IQE edge increases when the
Si NCs size decreases, which confirms quantum confine-
ment. Finally, we compare these results with the equa-
tion of confined energy estates and EL and PL peaks of Si
NC-based devices reported in different publications. We
obtained a bandgap of 1.32, 1.29, 1.24 eV for the 2.5, 3.5
and 4.5 nm NC size, respectively. The IQE edge energy
is lower than the EL and PL peaks because in the devices
we have a contribution of the Si substrate that can not
be avoided. The effective Si NC-bulk Si system presents
an intermediate bandgap energy that therefore decreases
with respect to the expected bandgap for NCs. We will
work in the future to be able to systematically get rid of
this contribution by separately evaluating it.
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