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Abstract

The market for renewable energy sources, and solar cells in particular
is growing year by year, as a result there is a large interest in research on
new materials and new technologies for solar power applications.

In this thesis the photovoltaic properties of cubic silicon carbide (3C-
SiC) has been investigated. The research includes material growth using
the sublimation epitaxy method, both n-type and p-type SiC have been
investigated. 3C-SiC pn junctions have been produced and their electrical
properties have been characterized, this is the first time 3C-SiC pn junc-
tions have been studied in the research group. Photoresponse has been
demonstrated from a 3C-SiC pn junction with Al and N used as p- and
n-type dopants. This is the first demonstrated solar cell performance using
3C-SiC, to our knowledge.
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Chapter 1

Introduction

The industrial revolution has improved the quality of life for people all over
the world. But the fossil fuel technologies fueling it has caused a number
of issues ranging from pollution and climate change to global conflicts over
natural resources. Since the demand for energy is constantly rising there
is an urgent need to find renewable energy sources that can compete with
the fossil fuels.

Solar energy is one of the most environmentally friendly sources of en-
ergy there is, since it does not pollute and causes minimal damage to the
local environment. The price of solar cells has gone down significantly
throughout the years, from $96 per watt in the 1970s to $0.68 in 2016 [1],
but solar cells still only contribute slightly more than 1% to the total energy
production in the world [2]. As the global energy demand increases new
technologies providing more efficient and cheaper solar cells will be highly
sought after.

Silicon carbide has a long history of use as a semiconductor. The phe-
nomenon of electroluminescence was first discovered in 1907 using a SiC
crystal [3]. This paved the way for the developement of LED technology,
with some of the first LEDs being based on SiC. Today SiC has found much
use in high power electronic devices due to its superior properties as a wide
band gap material [4]. The high band gap means that the electrons require
higher energy to become conductive, which reduces the leakage current of
the device. This makes SiC suitable not only for high power application
but also for high temperature applications.

Silicon carbide has been suggested as a potential material for impurity
photovoltaic (IPV) devices. IPV solar cells take advantage of extra energy
levels from impurities to absorb a wider spectrum of the sunlight. This
technology could potentially produce solar cells with very high efficiencies.
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2 Introduction

Cubic silicon carbide (3C-SiC) in particular has been theoretically shown to
be suitable for IPV applications [5]. The high temperature tolerance of SiC
could also make it suitable for concentrator solar cells, which neccesarily
operate at higher temperatures than normal solar cells.

1.1 Research goals

The goal of this thesis is to investigate cubic silicon carbide as a potential
material for solar cell devices. To accomplish this goal the research will
include:

• Growth of p- and n-type 3C-SiC samples

• Pn-junction manufacturing by epitaxial growth of p-type layers on
n-type substrates

• Deposition of metal contacts on the pn junctions

• Testing of pn junction performance

• Measuring of photoresponse from the pn junctions



Chapter 2

Theory

In this chapter the theory behind the research is presented.

2.1 Pn Junctions

Most semiconductor devices, including solar cells, are based on pn-junctions.
A pn-junction consists of two differently doped regions, one is n-doped and
the other one is p-doped. Directly at the junction the excess electrons in
the n-doped side and the excess holes in the p-doped side cancel out and a
depletion layer (also called space charge region) is formed. This depletion
layer gives rise to a potential difference, a built-in voltage, between the
p-side and the n-side. The built-in voltage can be calculated with

Vbi =
kBT

e
ln(

NAND

n2i
) (2.1)

where NA is the doping concentration of acceptors in the p-side, ND is the
doping concentration of donors in the n-side and ni is the intrinsic carrier
concentration of the semiconductor [6]. The intrinsic carrier concentration
is

ni =
√
NCNV exp(−

Eg

2kBT
) (2.2)

where NC is the effective density of states in the conduction band, NV is
the effective density of states in the valence band and Eg is the bandgap.

The total width of the depletion layer is

ω =

√
2εs
e

(
NA +ND

NAND
)Vbi (2.3)
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4 Theory

and the two parts (in the p-side and the n-side) are given by

xp =
ND

NA +ND

√
2εs
e

(
NA +ND

NAND
)Vbi (2.4)

xn =
NA

NA +ND

√
2εs
e

(
NA +ND

NAND
)Vbi. (2.5)

For an equal concentration of donors and acceptors the depletion layer
extend equally far into both the p-side and the n-side. When the doping
concentrations are unequal the depletion layer mostly goes into the side
with the lowest doping level.

The electrons and holes will continue to recombine and the depletion
layer will grow until the built-in voltage prevents further migration across
the pn junction. The junction has then reached equilibrium and no current
will flow.

When a voltage is applied across the pn junction this equilibrium is
broken. In the case of a forward bias the barrier over the pn junction will
decrease, allowing electrons to flow with low resistance in the forward di-
rection. The forward bias current comes from diffusion of majority carriers,
that is electrons from the n side diffusing to the p side and holes from the
p side diffusing to the n side.

When a reverse bias is applied the barrier is increased, so flow of current
is prevented. There is still a small current, called the reverse saturation
current, that is independent of the applied voltage. When the reverse bias in
increased past a critical point, called the breakdown voltage, the depletion
layer will break down and current begins to flow. Figure 2.1 illustrates the
IV characteristics of the pn junction.
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Figure 2.1. IV characteristics of a pn junction.

2.2 Solar Cells

A solar cell is a device that uses the photovoltaic effect to convert light
into electrical energy. This is achieved by the creation of free electron hole
pairs (EHPs) due to absorption of photons. Most solar cells are made of
semiconductor pn junctions connected to electrodes through which the gen-
erated current passes through. When light enters the pn junction electrons
in the valence band get excited to the conduction band, forming EHPs. See
figure 2.2.
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Figure 2.2. Photovoltaic effect.

Due to the built in potential in the pn junction the electrons and hole
then start to drift apart, resulting in a photocurrent, Iph. The photocurrent
in the external circuit is due to the minority carriers, i.e. the electrons
created in the p-doped side of the junction and the holes in the n-type side.
The electrons close to the junction in the depletion layer will start to drift
towards the n-doped side due to the built-in field. Electrons further away
from the junction in the neutral region can move towards the depletion
layer through diffusion if the diffusion length is long enough. When they
reach the depletion layer they will start drifting and also contribute to the
photocurrent.

The IV characteristics of an illuminated solar cell can be written as

I = I0[exp(
eV

ηkBT
) − 1] − Iph (2.6)

where I0 is the reverse saturation current and η is the ideality factor [7].
The short circuit current, when the voltage is zero, is thus −Iph. By setting
the current to zero one gets the open circuit voltage, which is equal to

VOC =
ηkBT

e
ln(

Iph
I0

+ 1) (2.7)

The power extracted from the solar cell is equal to the product of the cur-
rent and the voltage, V*I. For optimal performance the solar cell should
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operate at a point where this product is maximized, that is I = Im and
V = Vm. The operating point can be changed by varying the load resis-
tance of the circuit. The fill factor is defined as the ratio of the maximum
obtainable power to the product of the open circuit voltage and the short
circuit current

FF =
ImVm
ISCVOC

. (2.8)

Ideally FF should be as close to unity as possible to maximize the efficiency,
but the exponential I-V characteristics (eq. 2.6) limits this. A realistic FF
value is in the range of 70-85% [7].

The efficiency of the solar cell is the ratio of the output power to the
incident radiation power. The photocurrent is proportional to the incident
light intensity, so a doubling of the light intensity leads to a doubling of the
photocurrent. This does not mean that the output power is proportional
to the light intensity however, since the voltage also has a logarithmic
dependence to the photocurrent (eq. 2.7). As a result an increase in light
intensity will lead to a higher efficiency.

2.2.1 Limiting Factors of Efficiency

There are many factors which can affect the efficiency of a solar cell. An
effective series resistance (Rs), caused by the electron paths on the surface
of the semiconductor to the finger electrodes, affects the IV characteristics
of the solar cell, decreasing the available maximum output power. Rs=0 is
the ideal case. If the finger electrodes are thin, then the resistance of the
electrodes themselves will further increase the series resistance. There is
also an effective shunt (or parallel) resistance (Rsh), caused by photogener-
ated carriers flowing through the crystal surfaces at the edges of the device
or through grain boundaries in polycrystalline devices, instead of flowing
through the external load. This effect will also deteriorate the performance
of the solar cell. A low Rsh leads to poor performance.

The largest factor reducing the efficiency of solar cells is their inability
to absorb photons with energies lower than the band gap, and high energy
photons that are absorbed near the surface.

Shockley and Queisser [8] have calculated a detailed balance limit of
efficiency for single junction solar cells. The maximum efficiency was found
to be 30% for a band gap of 1.1 eV and 100% radiative recombination.
Radiative recombination sets an upper limit to minority carrier lifetime,
so a lower rate of radiative recombination will substantially reduce the
efficiency.
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As previously mentioned an increase in incident power results in an
increased efficiency. But an increased incident power also raises the tem-
perature of the solar cell, which negatively affects the efficiency. The reason
for this change in performance can be traced to several parameters related
to the cell. These cell parameters are photocurrent density (Jph), shunt re-
sistance (Rsh), series resistance (Rs), diode ideality factor (n), and reverse
saturation current density (J0). Khan et al.[9] have shown the temperature
dependence of these parameters at different temperatures and illumination
conditions (for Si solar cells), and how they affect the efficiency of the solar
cell. For a temperature increase within the 298-353 K range the losses from
Rs and surface charge recombination are reduced, whereas the losses caused
by Rsh and J0 are increased. For illumination intensities of 10 and 15 suns
the overall performance losses are approximately 17.52% and 19.91%.

The temperature impact on the solar cell performance is strongly de-
pendent on the environmental conditions, it also varies widely between
different PV technologies [10, 11]. The performance of the solar cell can be
improved by keeping it as cool as possible, but for high temperature and
concentrator PV applications materials with high temperature tolerance
are necessary.

2.2.2 Impurity Photovoltaic Effect

The efficiency of solar cells is highly dependent on how much of the solar
spectrum the cells can absorb. A potential solution to this problem could
be to take advantage of the so called impurity photovoltaic effect in wide
band gap materials such as silicon carbide.

When a semiconductor is doped there will be new energy levels in the
material. These new energy levels are located in the band gap close to the
conduction band in the case of donor doping, and close to the valence band
in the case of acceptor doping. The idea with the impurity photovoltaic
effect is that the acceptor (or donor) energy levels will form an intermediate
band, which will allow for photons with energies lower than the bandgap
to contribute to the charge carrier generation. If there is one intermediate
band this means that there are three different photon energies which can
be absorbed (see figure 2.3): one from the valence band to the intermediate
band, one from the intermediate band to the conduction band and one from
the valence band directly to the conduction band. As a result a larger part
of the solar spectrum will be absorbed, which results in a higher efficiency.
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Figure 2.3. Intermediate band concept.

A cell with an intermediate band can theoretically reach an efficiency
of 63.1% instead of the 40.7% which is the Shockley-Queisser model limit
for single junction cells (using a back mirror and an ideal concentrator)[12].
The maximum efficiency is reached with an intermediate band at around
0.7 eV above the valence band and a band gap of around 2.6 eV. The
highest efficiency of tandem cells, that use two materials with different
band gaps, is around 55.4%. The reason for the lower efficiency compared
to intermediate band solar cells is that in tandem cells two photons are
needed to deliver one electron to the external circuit. This means that the
overall quantum efficiency is 1/2. In an intermediate band solar cell this is
only the case for the lower energy photons, for which the electron is first
excited to the intermediate band and then to the conduction band. For
higher energy photons the electron is excited directly to the conduction
band, and as a result the overall quantum efficiency is higher than 1/2.

2.3 Silicon Carbide

Silicon carbide can exist in many different crystal structures, or polytypes.
These polytypes have identical close-packed planes, but differ in the stack-
ing sequence of the planes. 4H-SiC for example has the stacking sequence
ABCB, while 3C-SiC has the stacking sequence ABC (see figure 2.4). The
3 in 3C-SiC refers to the number of layers in one sequence, and the C refers
to the symmetry of the crystal which is cubic. Since a stacking sequence
can contain many layers there is a large number of possible polytypes for
silicon carbide, but the most common ones are 4H, 6H and 3C.
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Figure 2.4. Different SiC polytypes.

These polytypes, though having the same chemical composition, have
different physical properties such as band gap and electron mobility.

There are several reasons why cubic silicon carbide is an interesting
material to investigate; both carbon and silicon are abundant and non-
toxic, 3C-SiC exhibits excellent electronic properties including high electron
mobility and saturated electron drift velocity. It also has a bandgap (2.4 eV)
suitable for intermediate band solar cells [13]. Boron-doped cubic silicon
carbide (3C-SiC:B) has been suggested as one possible candidate for the
fabrication of an IPV solar cell. The boron acceptors form an energy level
at around 0.7 eV above the valence band, which fits the optimal IPV setup
well.

High quality 3C-SiC has proven to have considerably long carrier life-
time (8.2 µs) [14], which is also beneficial for photovoltaic applications.

Table 2.1. Comparison of properties between some SiC polytypes [15, 16, 17, 18].

Polytype 3C-SiC 4H-SiC 6H-SiC

Band gap energy (eV ) 2.4 3.2 3.0

Lattice constant (Å) 4.36
a=3.08
c=10.08

a=3.08
c=15.12

Thermal conductivity (Wcm−1K−1) 3.2 3.7 3.6

Dielectric constant 9.75 9.66

Electron mobility (cm2V −1s−1) 1000 460 600

Saturated electron
drift velocity (107cm ∗ s−1)

2 2 2
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2.3.1 High Temperature Applications

Due to the high band gap of silicon carbide it is very suitable for high
temperature applications. It has been shown that SiC can be used as
a power device in temperatures up to 600 ◦C as compared to Si which
is only operable up to 200 ◦C [19, 20]. The high band gap reduces the
number of thermal excitations, which results in a lower leakage current at
higher temperatures. Given the high temperature tolerance of SiC it could
potentially be used as a material for concentrator solar cell, since they
operate at higher temperatures than normal solar cells due to the higher
intensity of light they are exposed to.

2.3.2 3C-SiC growth

There are different methods that can be used to grow silicon carbide, for
example chemical vapor deposition (CVD) and physical vapor transport
(PVT). This thesis will mainly focus on sublimation epitaxy, which is a
modified PVT.

As opposed to the hexagonal 4H- and 6H-SiC polytypes, 3C-SiC has
not yet been produced in high enough quality for commercial applications.
Defect formation during the growth process is a large issue for 3C-SiC, and
reducing the number of these defects is not trivial. One source of defects
is the mismatch in lattice parameters between the grown 3C-SiC and the
substrate. 3C-SiC is usually epitaxially grown on either silicon or hexagonal
SiC substrates. There is a large mismatch between 3C-SiC and silicon, and
as a result a high density of defects is observed in 3C-SiC grown on silicon
substrates. 4H-SiC substrates, however, show more promise due to a much
smaller lattice mismatch (0.01-0.08%)[21].

Another problem arises from the stacking order of the crystal planes
in different grains. For example if one grain has the stacking order ABC
and another one has the stacking order ACB they will both be 3C-SiC, but
rotated 60◦ relative to each other. As a result these grains will not coalesce
and a so called double positioning boundary (DPB) will appear between
them. DPBs have a large negative impact on the electric properties of the
material, so a reduction of the number of these defects is important.

In an attempt to reduce the number of defects in 3C-SiC a lateral en-
largement growth method has been developed [22]. 4H-SiC substrates with
an off-axis cut are used to control the initial nucleation of the 3C-SiC. The
off-axis cut results in a high density of steps on the surface of the substrate.
These steps will be filled in during growth and result in a step flow growth,
where the growth of 3C-SiC starts at the edge of the substrates and propa-
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gates laterally (see figure 2.5). This method reduces the area where 3C-SiC
can initially nucleate, which also reduces the risk of DPBs forming. As
the cubic domain expands laterally a transition layer forms between the
4H-SiC and the 3C-SiC, which needs to be accounted for since it expands
along with the 3C-SiC domain.

Figure 2.5. Stages of the 3C-SiC growth. a) (I) Initially a large terrace (LT)
forms at the edge of the 4H homoepitaxial layer (HL), (II) 3C domains nucleate
and coalesce on the LT. (III) The 3C domain enlarges laterally until it covers the
entire substrate [22]. b) Side view of the growth showing the expansion of the
3C-SiC with a transition layer (TL) between the 3C and the 4H domains.

2.3.3 Doped Silicon Carbide

Doping is a process where impurities are intentionally introduced in order
to change the properties of the semiconductor. Both silicon and carbon
have four valence electrons and thus belong to group IV in the periodic
table. Elements from group III (for example aluminum) are called accep-
tors, they have one less valence electron than the group IV elements and
when used as dopants they add holes, resulting in an electrically conduc-
tive p-type semiconductor. Elements from group V (for example nitrogen)
are called donors. They have one extra valence electron and thus have the
opposite effect: there will be an excess of electrons resulting in an n-type
semiconductor.

The doping can be done either during or after the growth of the semi-
conductor crystal. When the dopant is added during the growth process
it mixes with the other components giving the semiconductor a uniform
doping. When the dopant is added with other methods, for example ion
implantation, selected areas can be targeted on the surface creating a gra-
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dient in the doping level.

In order to get the desired doping concentration the growth conditions
should be taken into account, for example both temperature and growth
rate affects the dopant incorporation. In the case of Al doped silicon carbide
the Si/C ratio affects the Al concentration; under Si rich conditions the Al
concentration is lower, this can be explained by competition between Al and
Si since the Al atoms replace Si atoms in the crystal lattice [23]. Co-doping
of 3C-SiC grown on Al-doped 6H-SiC substrates has been investigated,
showing that the choice of Si- or C-terminated faces as the growth surface
also has an effect on doping [24].

2.3.4 Ohmic Contacts on Silicon Carbide

When making a semiconductor device a metal contact is needed to con-
nect the device to an external circuit. In order to not interfere with the
performance of the device the contact should have low resistance and a
linear (ohmic) I-V curve. When the metal and the semiconductor come in
contact their Fermi levels line up, resulting in an energy barrier (see figure
2.6). The barrier for carriers moving from the metal to the semiconduc-
tor is called the Schottky barrier height, ΦB, and is what determines the
electrical properties of the contact. A low SBH is needed for a good ohmic
contact, whereas a high SBH results in a Schottky diode.

Figure 2.6. Band structures of metal-semiconductor junctions. ΦB is the Schot-
tky barrier height.
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Forming ohmic contacts on wide band gap materials such as SiC requires
a highly doped surface region [25, 26]. The higher doping concentration
makes the depletion layer in the metal-semiconductor junction more nar-
row, which increases the chances of electrons tunneling through the barrier
(see figure 2.7). As a result of the increased current the contact resistance
is reduced. For lower doping concentrations the depletion layer is too wide
for tunneling to take place, so the only way for the electrons to pass through
the contact is by thermionic emission over the barrier.

Figure 2.7. Conduction mechanisms of metal/semiconductor contacts as a func-
tion of the barrier height and width. a) Thermionic emission giving the contact
a schottky behaviour, b) thermionic-field emission, c) field emission (tunneling)
giving the contact an ohmic behaviour.

The most studied metals for n-type 3C-SiC ohmic contacts are Ni, Al
and Ti [27, 28]. Al contacts have low resistance due to a low SBH between
Al and 3C-SiC but they are susceptible to oxidation, especially during
annealing. Ti contacts also have problems with oxidation, but a gold layer
on the surface can prevent this [28]. Ni contacts don’t oxidise but they
don’t perform as well as Al and Ti contacts. For p-type 4H-SiC Ni has
proven to make good contacts [29], as well as a combination of Ni, Ti and
Al layers [30].



Chapter 3

Experimental Details

In this chapter the experimental parts of the project are explained. This
includes both the silicon carbide growth and the characterization techniques
used.

3.1 Sublimation Epitaxy

The cubic silicon carbide is grown using sublimation epitaxy on 4H-SiC
substrates, which are cut with a 4◦ off-orientation from the (0001) crystal
plane towards the [1120] direction. The source, which is polycrystalline
SiC, and the substrate are placed in a graphite crucible and separated by
a spacer (see figure 3.1). The crucible is placed in a vacuumized quartz
tube surrounded by a coil. A Radio Frequency (RF) generator heats the
crucible to high temperatures (above 1800 ◦C) at which the SiC source
sublimes (mainly into Si, Si2C and SiC2), and the vapor is transferred
to the substrate where it condenses into a solid crystal. A Ta foil is also
placed under the source to absorb carbon, leading to a silicon enriched
environment which is beneficial for the formation of 3C-SiC [22]. The Ta
foil also helps in spreading the heat evenly over the surface of the substrate.
A graphite plate is placed on top of the substrate to prevent sublimation
from the backside of the substrate.

15
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Figure 3.1. Overview of the growth environment.

Due to residual nitrogen in the chamber the grown samples will be
slightly n-doped, with donor concentrations from low 1016cm−3 to mid
1017cm−3[31].

The growth rate is dependent on the growth temperature, an increase
by 50 ◦C corresponds approximately to a doubling of the growth rate [32].
Unfortunately there is a higher density of defects on samples grown at
higher temperatures, so there is a tradeoff between growth rate and quality
of the samples. In order to have reasonably short growth times while still
maintaining good quality of the samples a two-step process is used, in which
a lower temperature is used initially to produce a growth front with few
defects. After this the temperature is increased to speed up the growth.

At the start of the growth the temperature is gradually ramped up for
1 h 30 min until the first temperature is reached (approximately 1850 ◦C),
which is maintained for 30 min. The second temperature (approximately
1900 ◦C) is maintained for 1 h 15 min after which the generator is turned
off and the sample is allowed to cool down.

3.1.1 Growth of P-doped Layers

The p-type layers are grown in the same setup as the n-type layers (as seen
in figure 3.1), with the addition of an Al doped SiC piece placed on top of
the graphite plate. The addition of aluminum to the growth increases the
risk of defects forming, but the growth can be done in an argon atmosphere
instead of vacuum to reduce the number of defects. Shorter growth times
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and lower temperatures (around 1700 ◦C) are used to get thinner layers (a
few µm thick).

3.2 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is used to grow thin p-type layers on
top of the n-type 3C-SiC samples obtained from the sublimation epitaxy
growth. CVD uses gas flow at high temperatures to grow SiC. The gases
act as precursors which adsorb on the substrate surface where they react to
form the SiC. The growth can be controlled by varying both the gas flow
and the temperature.

In this case hot wall CVD is used in which the chamber is heated by
an external power source and the substrate is heated by radiation from
the heated chamber walls, as opposed to cold wall CVD where only the
substrate is heated and the chamber is kept at room temperature. A tem-
perature of 1645 ◦C is used during growth. The gas flow is in the vertical
direction, from the entrance at the bottom to the top where the substrate is
situated next to the gas outlet. Silane (SiH4) and propane (C3H8) are used
as the sources of Si and C, respectively. Al is used as p-type dopant, and it
is extracted from trimethylaluminum (Al(CH3)3) which is introduced into
the gas flow using a bubbler. The doping concentration can be controlled
by varying the flow rate of the dopant gas.

When making a pn junction it is important to consider the width of
the depletion layer. For the pn junction to function properly the depletion
layer can not cover the entire device, so both the n side and the p side
must be over a certain thickness. In this case the doping concentrations
are ND = NA ≈ 1016cm−3, and given the effective densities of states (NC

& NV )[33] for 3C-SiC

NC = 3 ∗ 1015 ∗ T 3/2(cm−3) (3.1)

NV = 2.23 ∗ 1015 ∗ T 3/2(cm−3) (3.2)

and equations 2.1-2.3 the total width of the depletion layer is approximately
0.66 µm. In order to keep a safe distance between the depletion layer and
the edge of the pn junction the p type layer is grown to be thicker than 1
µm.

3.3 Polishing and Cleaning

After growth the samples are polished and chemically cleaned. The 4H-SiC
substrates are mechanically polished away so that only the 3C-SiC is left.
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The cleaning is done in three steps: first with acetone and ethanol, then
with a mix of H2O, NH3 and H2O2 (a 5:1:1 mix) and finally with a mix
of H2O, HCl and H2O2 (6:1:1 mix). The H2O : NH3 : H2O2 solution
removes organic contamination and H2O : HCl : H2O2 removes inorganic
contamination. All solutions are heated up and the samples are left in each
solution for approximately 5 minutes. The same cleaning process is used
on the substrates before growth.

3.4 Optical Microscope

The surface of the samples are evaluated with optical microscopy. The
microscope used is a Nomarski Differential Interference microscope (NDIC)
[34]. It uses a Nomarski prism to separate the unpolarized light beam from
the light source into two closely spaced orthogonally polarized beams. After
the light is reflected on the sample it passes through the Nomarski prism
again and the beams are combined. Any path difference between the two
beams will cause interference, resulting in contrast differences in the optical
picture. This is useful for identifying defects such as double positioning
boundaries, polycrystalline inclusions and other morphological defects.

The microscope can also be used in transmission mode, where the light
source is placed under the sample. In this case the Nomarski prism is not
used. The transmission mode is useful for identifying the different silicon
carbide polytypes like 3C- and 4H-SiC.

3.5 Metal Contact Deposition

Metal contacts are deposited on both sides of the pn junctions. In order
to be able to properly test the IV characteristics of the pn junctions the
metal contacts should interfere as little as possible with the behaviour of
the junction. To accomplish this the metal-semiconductor junctions should
have a linear, ohmic behaviour and the resistance should be as low as
possible. Different metals should be considered for the p side and the n side,
since they might have different behaviours. In this thesis Al contacts are
deposited on the n-type side of the samples using thermal evaporation and
Ti contacts are deposited on the p-type side of the samples using electron
beam evaporation. During deposition of the Ti contacts the samples are
covered by a mask with holes, leaving the surfaces of the samples covered
by small circular contacts of different sizes.
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3.5.1 Thermal Evaporation

Evaporation is a method used for thin film deposition. For thermal evapo-
ration the source material is heated up until it melts and starts evaporating.
The vapor then travels to the substrate where it condenses into a solid state
again. The evaporation takes place in a vacuum, so that the vapor has a
free path from the source to the substrate.

3.5.2 Electron Beam Evaporation

Electron beam evaporation is a type of evaporation deposition where the
source material is heated up by an electron beam (as seen in figure 3.2).
This method allows for a good control of the evaporation rate.

Figure 3.2. An illustration of the electron beam evaporator setup.

3.6 IV measurement

IV curves for the metal contacts and the pn junctions are obtained with
a two point measurement, where a varying bias is applied between two
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contacts and the resulting current is measured(see figure 3.3).
When the photoresponse is measured the same setup is used while at

the same time illuminating the sample with a solar simulator, set to illu-
mination equivalent to one sun or 1000 W/m2.

Figure 3.3. Illustration of the IV measurement setup.



Chapter 4

Results and Discussion

In this chapter the results of the thesis work are presented and discussed.

4.1 Sublimation Epitaxy Growth

The sublimation epitaxy was mainly used to grow n-type 3C-SiC samples.
Some growth of p-type 4H-SiC layers was also attempted with Al as dopant
in order to explore pn junctions using sublimation epitaxy, which has not
previously been studied in the research group.

4.1.1 N-type 3C-SiC Samples Grown By Sublimation Epi-
taxy

The samples were all grown under similar conditions, as described in chap-
ter 3. The thickness of the samples varies between 700 and 1000 µm. Since
the cubic SiC expands laterally during growth it will not cover the 4H-SiC
substrate completely if the sample is too thin, as seen in figure 4.1. In total
25 circular samples were grown at two different sizes: 9 mm diameter and 7
mm diameter. The smaller samples are more consistently completely cubic
(due to the smaller size) and have fewer defects.

21
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Figure 4.1. a) A sample completely covered in 3C-SiC. b) Sample only partially
covered in 3C-SiC, showing a lateral growth of 3C-SiC.

In general the grown samples are completely covered in 3C-SiC, but of
varying quality. Most samples have one or more DPBs in the center stretch-
ing across the entire surface in the growth direction (figure 4.2). Other
smaller defects (figure 4.3) are present to a varying degree. The amount of
these defects can probably be minimized by optimizing the growth condi-
tions.

Figure 4.2. Double positioning boundaries covering the entire length of the
sample.
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Figure 4.3. Smaller localized defects on a 3C-SiC sample.

4.1.2 P-type 4H-SiC Samples Grown By Sublimation Epi-
taxy

Growth of p-type samples was attempted in different growth conditions
and on different substrates. Some samples were grown in vacuum and
the other samples were grown in argon atmosphere (low pressure around
0.45 mbar). It is clear that much fewer defects appear when the sample
is grown in argon, as seen in figure 4.4. The increase in growth pressure
by adding argon changes the growth mechanism from kinetically limited
to diffusion limited. This reduces the growth rate and makes defects less
likely to form. Two different substrates were used: n-type 4H-SiC (off-axis)
and semi-insulating 4H-SiC (on-axis). Samples grown on off-axis substrates
have smoother surfaces than samples grown on on-axis substrates. This is
most likely because the step flow growth on the off-axis substrates gives
more control of the initial nucleation.
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Table 4.1. Growth parameters for the p-type samples.

Sample
Growth time
(min)

Temperature
(C)

Pressure
(mbar)

Comment

1 15 1700 < 10−4 Rough surface,
plenty of defects.

2 15 1750 < 10−4
Cooled in argon,
smooth surface,
still plenty of defects.

3 5 1750 < 10−4 Shorter growth time,
still defects.

4 10 1700 4.5 ∗ 10−1 No macroscopical defects.

5 10 1750 4.5 ∗ 10−1 On-axis subtrate,
rough surface.

6 10 1750 < 10−4
On-axis subtrate,
rough surface,
plenty of defects.

Figure 4.4. P-type 4H-SiC layers (Al doped) grown with sublimation epitaxy.
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4.2 P-type Layers Grown By CVD

P-type layers were grown on five of the n-type samples using CVD. Alu-
minum doping with a concentration of 2 ∗ 1016cm−3 with a thickness of 1
µm were used on two of the samples, and the other three samples had 1
µm of 2∗1016cm−3 followed by 500 nm of 4∗1018cm−3. The higher doping
concentration on the surface is supposed to make it easier to form ohmic
contacts.

4.3 Ohmic Contacts

Metal contacts were deposited on two of the samples, one with low doping
concentration on the p-side and one with high doping concentration.

4.3.1 On n-type 3C-SiC

The contacts on the n-type side of the samples consist of a 400 nm thick
Al layer and was deposited with thermal evaporation. No mask was used,
so the contacts cover the entire surface of the samples.

4.3.2 On p-type 3C-SiC

The contacts deposited on the p-type side consists of 50 nm Ti with a thin
(10 nm) layer of Au on top, deposited with e-beam evaporation. A mask
was used to deposit small circular contacts on the sample surface. For the
sample with lower doping concentration, the IV measurements between the
dots show an ohmic behaviour (see figure 4.5). The resistance between the
contacts varies depending on the quality of the crystal between the points
of measurement. Measuring between contacts that are further apart also
results in higher resistance, which is expected due to the inherent resistance
of the semiconductor.
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Figure 4.5. IV curves measured between contacts on the sample with low doping
concentration.

Contacts deposited on the sample with higher doping concentration
were not ohmic at first, and had very inconsistent behaviour (see figure 4.6).
However, after annealing the sample at 800 ◦C for 5 minutes in vacuum the
behaviour changed to ohmic (see figure 4.7). This could be explained by
titanium carbide forming between the contact and the SiC, which could



4.3 Ohmic Contacts 27

have lowered the barrier height [28]. A second round of annealing at 850
◦C for 5 minutes did not change the contact behaviour significantly, so the
formation of titanium carbide has presumably stopped at that point.

Figure 4.6. IV curves measured between contacts on the sample with high doping
concentration. The measurement represented by the red line resulted in very low
currents, so it is not presented in the graph.
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Figure 4.7. Comparison of contact performance before and after annealing for
the contacts marked by the blue line in figure 4.6. The contacts have a schottky
diode behaviour before annealing, this changes into an ohmic behaviour after the
first annealing. There are no further improvements from the second annealing.

The contacts of the higher doped sample were expected to be better
than the ones on the lower doped sample. This is not the case here since
the resistance of the contacts on the highly doped sample is much higher
than the ones on the low doped sample, as can be seen by comparing figures
4.5 and 4.7. Reasons for this could be defects on the samples affecting the
performance. What is also interesting to note is that no annealing was
required for the low doped sample.

4.4 Pn junction performance

The low p doped sample did not show good pn junction performance, in
fact the IV curves were close to linear (figure 4.8). This seems to indicate
that the sample is not a pn junction at all and that the Al doped layer is
in fact n-type. The reason for this could be that the Al concentration is
too low and unable to overcome the concentration of the residual nitrogen
during growth. This could also explain why it was easier to form ohmic
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contacts on this sample, since in general it’s easier to do on n-type samples
compared to p-type samples.

Figure 4.8. IV curve measured over the pn junction with low doped p side.

The sample with a highly doped p-type layer gave better results, but
the performance varies depending on the location on the sample. Half the
sample still has a transition layer on the underside, while the other half is
completely 3C-SiC (figure 4.9). A measurement on the side without the
transition layer shows reasonably good pn junction performance, while a
measurement on the side with the transition layer has a more linear IV
curve. This seems to indicate that the transition layer interferes with the
behaviour of the pn junction.
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Figure 4.9. IV curves measured over the pn junction with highly doped p side.
Two contacts were measured, one on the side of the sample with the transition
layer (red) and one on the side without the transition layer (blue). A line can be
seen in the centre of the sample where the transition layer ends.
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4.5 Photoresponse

Figure 4.10. IV curve of a pn junction when illuminated compared to when not
illuminated.

The photoresponse was measured on the blue contact shown in figure 4.9,
the result is shown in figure 4.10. The photocurrent is supposed to be
proportional to the incident light intensity, so in the ideal case there should
be a constant offset between the dark and the illuminated curves. This is
clearly not the case here, as can be seen in the figure there is a large amount
of leakage current. Even for the dark IV curve there is a gradual increase of
the current instead of a constant saturation current before the breakdown
voltage. There are many factors that could affect the behaviour of the pn
junction and degrade its performance as a solar cell. One likely explanation
is that the poor metal contacts affecting the performance by increasing the
series resistance. There are also crystal defect which could degrade the
performance, and grain boundaries reducing the shunt resistance of the
cell.
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Figure 4.11. IV curve from figure 4.10 with short circuit current, open circuit
voltage and optimal operating point marked.

Given the values for ISC and VOC , and the operating point shown in
figure 4.11 the fill factor was calculated to be approximately 28.6%. As a
comparison conventional solar cells normally have fill factors higher than
70% [7], so there is definitely room for improvement here. The efficiency
of the solar cell is the ratio of the output power to the incident power of
the sunlight. The solar simulator outputs a power of 1000 W/m2, so to
know the efficiency the area of the part of the sample contributing to the
photocurrent is needed. The diffusion length of the electrons is fairly small,
which means that only a small area around the contact actually contributes
to the photocurrent. This combined with the fact that the opaque contact
covers most of the active area makes it difficult to determine the correct
value for the surface area. Using thin finger electrodes covering the entire
sample as contacts would make it easier to estimate the efficiency.
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Conclusions

In this thesis the production of 3C-SiC pn junctions has been studied, from
growth of the material to characterization of the finished pn junction solar
cell. This is the first time in the research group pn junctions were used to
study the material.

Sublimation epitaxy has proven to be a suitable method for growing
3C-SiC layers with relative ease. However there are still plenty of defects
present in the crystals which may affect device performance. Growth of
p-type 4H-SiC layers was also investigated, both in vacuum and in Ar
atmosphere. The growth in Ar resulted in much fewer defects, so this
might be something to consider for 3C-SiC growth as well.

Metal contacts consisting of Ti with a thin Au layer on top has been
tried on p-type 3C-SiC. On a sample with low doping concentration the
contacts had a good ohmic behaviour. On a sample with high doping con-
centration the contacts were not ohmic at first, but needed to be annealed
at 800 ◦C for 5 minutes. The sample with low doping concentration did not
have good pn junction characteristics, so no photoresponse was measured
on it. The high doped sample had better performance and was used to mea-
sure photoresponse, which was successfully detected. The photoresponse
from the sample did not follow an ideal solar cell behaviour, with quite a
large amount of leakage current. This is most likely due to the high contact
resistance and the crystal defects. A fill factor of 28.6% was calculated.

To summarize, photovoltaic behaviour in 3C-SiC has been demonstrated.
It is encouraging to see actual photoresponse in the material since this has
not been done before. In regards to material growth there is still much
work to be done to improve material quality and device performance.
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Chapter 6

Future Work

For future work the main things that needs improvement is the quality of
the 3C-SiC crystals and the performance of the ohmic contacts. The growth
process should be optimized to reduce the number of defect. Growth of p-
type layers using sublimation epitaxy is also worth investigating. For the
ohmic contacts more testing is needed on the Ti contacts in terms of how
they are affected by annealing and the doping concentration of the 3C-SiC.
Other metals could also be tested to find the optimal solution.

More testing of the photoresponse should be done on samples with bet-
ter contacts to fully realize the potential of 3C-SiC as a solar cell material.
The efficiency should be properly calculated by using finger electrodes on
samples with well determined surface areas. Something else that could be
tested is operation at different temperatures to find out how that affects
the performance.
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