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Abstract

Although silicon photovoltaics is a very mature science, new materials are currently

being studied trying to improve the efficiency and reduce fabrication costs. Among

them, transition metal oxides have recently achieved good performance and competitive

efficiencies as selective contacts on crystalline silicon solar cells. These materials would

substitute the classical doping techniques while reducing the fabrication time and cost

creating low resistance contacts and good-performance junctions. Given its success, one

can think in applying this low-cost contact and junction formation to devices based on

other semiconductors.

The goal of this project is to study the viability of these transition metal oxides based

contacts on germanium substrates. The fabrication and characterization of several de-

vices using these contacts on n-type and p-type crystalline germanium wafers is explained

and discussed.

Besides, in order to help the achievement of this objective, an extensive lifetime study has

been performed so as to adapt the equipment Sinton WCT-120 to germanium samples.

Therefore, we have developed a cheap, fast and easy way of measuring the lifetime of

crystalline germanium samples.
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Chapter 1

Introduction and motivation

Photovoltaics covers the transformation of sunlight directly into electricity and is a

promising technology for satisfying the future energy demands in a sustainable and

environmentally friendly way. The physical process that explains this conversion is the

photovoltaic effect which has some minimal requirements.

First of all, a two energy level system where an electron can move from a lower (relaxed)

to an upper (excited) state [1]. Excitation from the lower to the upper energy level is

produced by light. However, not all the sunlight received is used to excite electrons.

The energy that an electron absorbs has to be higher than the energy band gap Eg

(energy difference between the excited and the relaxed state). Photons with energies

lower than the band gap are not absorbed since the electron has no energy state where

to go. Whether light has enough energy or not is directly related to wavelength; larger

wavelength, less energy.

So the first step in the photovoltaic effect is an electron that absorbs light, acquiring

its energy. Then it is transported to a contact and from there to an external circuit

where the electrons lose its energy into work. To close the cycle, it is necessary a second

contact for the relaxed electrons to enter into the two level system and go back to the

starting point. An schematic of the process is shown in figure 1.1

Figure 1.1: Schematic representing the different steps of a photovoltaic effect process.
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Two different contacts are required: one for the excited carriers and one for the relaxed

carriers. In practice this is achieved by having mainly electrons near one contact, and

having mainly holes near the other contact.

These contacts allow the flow of one type of carrier while blocking the other, hence called

selective contacts. According to the selectivity of each contact, one distinguish between

electron transport layers (ETL) and hole transport layers (HTL).

From this explanation, one may think that the best semiconductor is the one with lower

band gap, since it absorbs more light, hence generating more current. However, a solar

cell must produce both a current and a voltage to deliver power. The voltage produced

by a solar cell is directly related to the energy that the excited electrons provide to the

external circuit. When an electron absorbs light with energy higher than the band gap,

part of it is dissipated in form of heat. At the end, all the excited electrons end up with

an energy similar to the band gap of the semiconductor. So smaller band gap implies

lower voltage.

Depending on the band gap, there is a maximum theoretical limit for the efficiency of

a solar cell, called the Shockley-Queisser limit, or the detailed balance limit [2]. This

theoretical limit as a function of the band gap is shown in figure 1.2.

Figure 1.2: Shockley-Queisser limit or detailed balance limit, extracted from [3].

Si with its band gap of 1.1 eV allows high conversion efficiencies by having a better

trade-off between producing current and voltage than other semiconductors. Thanks to

this and to its high technological development, silicon has always been and still is the

mainstream semiconductor for solar cells.
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Although silicon photovoltaics is a very mature technology, there is still research con-

cerning the improvement of the efficiency of solar cells and the reduction of fabrication

costs. Currently the focus is on reducing carrier recombination in highly doped materials

and on substituting high-temperature processes [4], objectives that have encouraged the

exploration of new materials and strategies.

Among these novel materials one can find the transition metal oxides (TMOs). They are

characterized by its wide range of work functions from 3.5 to 7.0 eV, which makes them

transparent in the visible and infrared regions. They can be deposited in thin-films using

low temperature processes and its n or p-type character is, in general, due to defects

within the materials [5].

TMOs are used as carrier-selective contacts which enable efficient carrier extraction to

the two external metal terminals. They exhibit efficient transport of only one type of

carrier while hindering the transport of the other type of carrier [6]. Since recombination

requires the participation of both types of carriers, these materials contribute to the

reduction of recombination in the contact structure.

Recently, in the research group at UPC (Micro and Nanotechnology, MNT), the use of

these materials in silicon solar cells has shown competitive results. The explored TMOs

have been MoOx and VOx as hole transport layers [7] and TiO2 as electron transport

layer. For instance, an interdigitated back contacted solar cell achieved an efficiency of

19% using both TMOs as ETL and HTL and avoiding high temperature steps [8]. Given

its success, the idea to expand its use to other semiconductors, like germanium, came

to mind.

Germanium was the first semiconductor ever used in electronics. Its potential was

discovered during the Second World War, as a substitute for crystal rectifiers which

burned out with sudden bursts of electricity. Some years later, in 1947, this material

was used to create the first transistor [9], father of all modern semiconductor devices.

Although germanium was rapidly replaced by silicon up to its lower cost and better

temperature characteristics, in the late nineties there was a renewed interest in this

semiconductor due to its high carrier mobilities, infrared sensitivity and exceptional

characteristics for high frequency operation which allow the design of faster devices.

Nowadays, germanium has five important fields of application: infrared detector devices,

optical systems, fiber optics, heterojunction bipolar transistors and solar cells.

As a result of its low band gap, germanium is sensitive to wavelengths up to 2000nm,

suitable for infrared detectors. As a passive optical element, its high refraction index

with minimal optical dispersion, makes it perfect for the construction of lenses and
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optical elements, while in the form of GeO2 it has been used as a dopant for optical fibers.

Although the lack of a suitable gate oxide still limits its development in electronics, it can

be seen in combination with silicon in high-speed Heterostructure Bipolar Transistors. In

photovoltaics, germanium has found its place as the bottom cell in tandem solar cells,

or as a thermophotovoltaic converter, being a more economic alternative than GaSb.

Lately, there has been reported a triple junction solar cell with an efficiency of 41.1%

that use Ge as bottom cell for space applications [9].

The objective of this final degree project is to explore the viability of photovoltaic devices

using crystalline germanium as the substrate and transition metal oxides as hole and

electron transport layers.

The minority carrier lifetime is the average time that an electron spends in the excited

state prior to recombination, hence directly related to efficiency. In our laboratory it is

easily and fast measured on silicon samples through the photoconductance by means of

a WCT-120 instrument (Sinton consulting).

As the measurement set-up is prepared only for silicon samples, the measurement pro-

cedure needs to be adapted to germanium. In Chapter 2, an extensive study of how this

instrument works and how the minority carrier lifetime is calculated will be explained

with the objective to see how the substrate material affects all the steps of the measure-

ment procedure. Later in this same chapter, the adaptations required will be explained

and performed, to finally end with an example of a measurement of the minority carrier

lifetime of a germanium sample.

Once lifetime could be characterized, Chapter 3 focuses on the fabrication technology.

Different devices on n and p-type germanium were fabricated using MoOx and TiO2

based contacts. First the characteristics of the wafers employed are presented, along

with a brief description of each device fabricated. Then the fabrication process of each

contact is explained, including the different deposition techniques used.

In Chapter 4, the results of the characterization techniques of these devices are presented

and briefly discussed. Finally, Chapter 5 summarizes the results achieved in this work

and presents possible future strategies.



Chapter 2

Lifetime study

The minority carrier lifetime of a material, denoted by the Greek letter τ , is the average

time that a carrier can spend in an excited state after electron-hole generation before

recombining [10]. Referred simply as lifetime, it includes any kind of recombination

that occurs in the wafer and it is an indicator of the potential efficiency of a solar cell.

Therefore, it is a figure of merit very useful and easy to measure during the fabrication

process.

In our research group, we have available a Sinton WCT-120 tool which is prepared to

measure the lifetime of crystalline silicon samples. This instrument consists on a Xenon

flash lamp that illuminates the sample, generating an excess of photoconductance. Next

to the measured sample, there is a calibrated cell which measures the light intensity of

the flash. Through the measurement of the photoconductance and the light intensity,

an excel spreadsheet makes the necessary calculations to obtain the minority carrier

lifetime as a function of the apparent carrier density of the measured sample. In figure

2.1 a picture of the Sinton WCT-120 is shown, where one can see the flash lamp above

a quarter of silicon prepared to be measured.

As explained before, it is necessary to make some modifications to adapt this equipment

to germanium wafers. To that end, an extensive lifetime study was performed to fully

understand the measurement technique and how the substrate material properties affect

all steps of the calculations.

5
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Figure 2.1: Sinton WCT-120 tool used in our research group to measure the minority
carrier lifetime of silicon samples.

2.1 Measurement technique

2.1.1 Procedure

Sinton WCT-120 consists on a Xenon white flash lamp that illuminates the sample as

well as a calibrated solar cell placed next to it. The equipment measures the evolution

with time of the photovoltage and the reference voltage.

The photovoltage of the sample ∆V is the voltage generated by excess of photogenerated

carriers. This signal is measured contactless by inductive coupling and is proportional

to the excess conductivity of the sample ∆σ in S:

∆σ = (∆V + Vdark − c)(a(∆V + Vdark − c) + b) − (Vdark − c)(a(Vdark − c) + b) (2.1)

where the voltage in dark conditions Vdark is measured before the flash, and a, b and c are

calibration factors supplied by the instrument. These calibration factors are determined
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by the equipment before the flash using the conductivity of air, hence they do not depend

on the substrate material.

The tool is capable of working in DC and AC conditions. All the measurements in

this work are performed in DC conditions, but the photovoltage signal is corrected if

necessary for AC conductance.

Once ∆σ is calculated, the excel spreadsheet provided by the manufacturer calculates

a first approximation of the average of the apparent carrier density ∆navg in cm−3. To

that end, ∆σ is homogeneously distributed along all the sample thickness, dividing it

by the width of the wafer W in cm. As a first approximation, a constant value for the

mobilities µN + µP = 1700cm2/V s:

∆navg =
∆σ

qW (µN (∆navg) + µP (∆navg))
(2.2)

where q denotes the elementary charge. Since the mobilities depend on the carrier

density, this equation is solved in an iterative manner using the resistivity of the wafer

until convergence is attained.

The other magnitude that the equipment measures is the reference voltage from the

calibrated solar cell Vref . This signal is proportional to the light intensity by means of

a calibration factor 5.76 · 10−3 V/sun, related to the reference solar cell:

∆Suns =
Vref

5.76 · 10−3
(2.3)

The light intensity along with the excess conductivity ∆σ can be observed in a typical

measurement of a well passivated silicon sample in figure 2.2.

Then, the excel spreadsheet determines the electron-hole pairs photogenerated per cm2

and second within the sample:

Gext(t) =
0.038∆Sunsfopt

q
(2.4)

where 0.038 A/cm2 is related to the reference solar cell and the optical transmission

factor fopt represents the reflection losses and has to be provided by the user. Similar to

the calculation of ∆navg, this photogeneration is homogeneously distributed along the

sample thickness: Gavg = Gext
W .
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Figure 2.2: Typical signals measured by the Sinton equipment in a well passivated
crystalline silicon sample.

Finally, the minority carrier lifetime is calculated in generalized conditions:

τeff =
∆navg

Gavg − d∆navg

dt

(2.5)

where the sub-index eff stands for effective [11]. In this equation, the derivative term is

calculated in a numerical way using:

d∆nn
dtn

≈
∑n+2

n−2 ∆nn∑n+2
n−2 tn

(2.6)

With equation 2.5, τeff (∆n) plots can be calculated, as seen in figure 2.3.

This curve gives useful information about recombination. In fact, we can relate the

effective lifetime τeff to the different recombination mechanisms Ui in cm−2s−1 through

the equation:

Utot =
∑

Ui ≡
∆navgW

τeff
(2.7)

where ∆navg = 1
W

∫W
0 ∆n(x)dx is the mean value of the apparent carrier density [12].
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Figure 2.3: τeff (∆n) plot from the signals in figure 2.2 of the silicon sample

Assuming that the bulk lifetime τb (which includes radiative, Auger and Shockley-Read-

Hall recombination) is constant, and that the y and z dimensions are larger than the x

dimension, the above equation can be simplified to:

Utot =

∫ W

0
U(x)dx =

∫ W

0

∆n(x)

τb
dx+Sf∆n(0)+Sb∆n(W ) =

∆navgW

τb
+Sf∆n(0)+Sb∆n(W )

(2.8)

where Sf , Sb are the front and back recombination velocities, respectively. Additionally,

considering that the profile of the apparent carrier density is constant in the whole

wafer ∆n(0) = ∆n(W ) = ∆navg, and equal front and back recombination velocities

Sb = Sf = S, equation 2.7 becomes:

1

τeff
=

1

τb
+

2S

W
(2.9)

for surface recombination values low enough [12]. With this simple equation, we can

determine τb and S from the measured τeff , as it can be seen in figure 2.4. For this cal-

culations, we assume that the bulk lifetime is equal to the intrinsic lifetime τb = τi, which

only includes Auger and Shockley-Read-Hall recombination [13] and the dependence of

S(∆navg) can be obtained.
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Figure 2.4: On the left, effective and intrinsic lifetime of the sample silicon cell. On
the right, surface recombination velocity calculated using equation 2.9

2.1.2 Regimes

This equipment has two different regimes of operation:

- Quasi-steady state (QSSPC): it assumes that the intensity of the flash changes slowly

enough so that the apparent carrier density is always in steady state. Therefore, d∆n
dt = 0,

which leads to τeff =
∆navg

Gavg
in equation 2.5. The sample lifetime has to be much lower

than the characteristic decay of the flash lamp (∼ 2.3 ms in our case). The major

drawback is that the optical transmission factor fopt needs to be previously known.

Figure 2.5 shows a QSSPC measurement of a silicon wafer without surface passivation

where the photoconductance perfectly follows the light intensity signal with effective

lifetimes in the range of 10-50 µs.

- Photoconductance decay (PCD): on the other hand, this method calculates the decay

of the apparent carrier density after a very short flash (∼ 15µs), so the response of the

cell without light is observed. Applying Gext = 0 in equation 2.5, the effective lifetime

is τeff = − ∆navg
d∆navg

dt

. The advantage of this method is that the only magnitude needed

is the photoconductance of the sample (therefore, there is no need to worry about the

fopt), but relatively high τeff values are required. Figure 2.6 shows the PCD response

of a well passivated silicon wafer, where most of the cell response is without light.

In general, the silicon samples measured are in a range of lifetimes that allow a mea-

surement where both regimes coexist, hence the general equation in 2.5 needs to be

applied. Since τeff is unique, the optical constant is found by overlapping both curves.

This is graphically explained in figure 2.7, where the optical factor has been changed to

illustrate this experimental determination. It can be seen that the lifetime in the high

injection range moves with the optical factor while it is constant in the low injection

range because it is measured under PCD conditions.
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Figure 2.5: Graphic showing a lifetime measurement of a silicon wafer without pas-
sivation in the QSSPC regime. In the inset, the τeff (∆n) plot extracted from the

signal

Figure 2.6: Graphic showing a lifetime measurement of a well passivated silicon wafer
in the PCD regime. In the inset, the τeff (∆n) plot extracted from the signal
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Figure 2.7: Graphic showing a lifetime measurement of a well passivated silicon wafer
where the PCD and QSSPC regimes coexist. The optical factor has been changed to

illustrate the dependence of the lifetime with this factor.

2.2 Adaptations to germanium

Once the working method of the equipment is studied and understood, there are some

adjustments required to measure the lifetime of germanium samples.

2.2.1 Reference cell

Like the band gap of germanium is lower than the one of silicon, germanium absorbs a

wider wavelength range, up to 2000nm compared to the 1200nm maximum wavelength

absorbed in silicon. Therefore, one may think that by using a reference solar cell of silicon

to measure lifetime in a crystalline germanium (c-Ge) sample could lead to an error in the

determination of Gext. However, despite having spectrum components beyond 1200nm,

the condition to get a reliable measurement of Gext is not so strict. If the spectrum

remains constant during its duration, the reference cell would always receive a light

intensity proportional to the photogeneration created in the c-Ge sample. In this case,

a different calibration factor of V/suns should be used. Taking a look to equations 2.3

and 2.4, this change in the calibration factor can be integrated in the optical factor

to be determined by the technique described in section 2.2.4. As a consequence, the

measurement of a c-Ge sample with a c-Si reference cell could be done.
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In order to check if there is a change in the flash spectrum along its duration, the

response of a germanium reference cell and the silicon one from the Sinton equipment

were compared. Both reference cells were illuminated with the flash lamp and the light

intensity signal was measured by means of an oscilloscope. In figure 2.8, the ratio

between the signals obtained from the silicon solar cell and from the germanium solar

cell is shown as a function of the illumination intensity. This experiment was performed

with and without an infrared (IR) filter provided by the manufacturer in front of the

flash. This filter blocks wavelengths below 650nm, i.e. ultraviolet and visible part of the

spectrum, resulting in a more IR flash spectrum which fits better the constant generation

assumption along the sample thickness. The signals are normalized to one taking as a

reference the value obtained at 1 sun illumination intensity.

Figure 2.8: Ratio between the normalized signals obtained from the silicon solar cell
and from the germanium solar cell as a function of the illumination intensity.

As can be seen, the ratio between the signals with the infrared filter is constant. This

means that the spectrum distribution received from the flash is constant over time and

that there is no problem using the silicon reference solar cell. This factor of difference

between the signals can be introduced in the optical factor.

However, when measuring the response of the solar cells without the infrared filter, there

is a significant difference between both signals. This means that without the IR filter

the spectrum components change. Although the error introduced in this case is less than

5%, from this experiment we can conclude that for measuring c-Ge samples using the

integrated c-Si solar cell the introduction of the IR filter is mandatory. Therefore, as
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long as the measurements for c-Ge samples are performed with the infrared filter, the

c-Si reference cell can be used for the lifetime measurements.

2.2.2 Mobilities

As explained before, the equipment uses an iterative method to calculate the apparent

carrier density taking into account the dependence of the mobilities with it. In order to

adapt this step to germanium, the model found in PC1D was used [14]:

µ(∆n) =
µmax − µmin

1 + ( ∆n
∆nref

)α
− µmin (2.10)

where the parameters were extracted from the PC1D file of germanium.

Moreover, as the factor usually known in our wafers is the resistivity, an iterative method

was implemented in order to find the doping level from the resistivity ρ depending on

the type of doping:

ρn =
1

q
(
µn(∆n)∆n+ µp(∆n)

n2
i

∆n

)
ρp =

1

q
(
µn(∆n)

n2
i

∆n + µp(∆n)∆n
) (2.11)

where ni is the intrinsic doping level and q is the electron charge.

2.2.3 Effects of non-uniform photogeneration

It is known that in germanium, due to its high absorption coefficient, most of the carriers

are generated within the first micrometers of material. However, in reference [15] some

simulations show that in just 10 µs they are redistributed with a constant profile. Some

computational calculus were carried out to check if the equation 2.9 can be applied and

under which conditions. Notice that in this equation a constant photogeneration and

excess carrier density along the sample thickness are assumed.

All the simulations in this section are done with PC1D, the most commonly used soft-

ware for simulating crystalline silicon solar cells [16]. They are performed over an n-type

germanium wafer 350 µm thick with a background doping of 4.5 · 1015cm−3 (equivalent

to a resistivity of 0.3755 Ωcm). Unless differently stated, front and back surface recom-

bination velocities of Sb = Sf = 100cm/s and a bulk lifetime of 535.3 µs. The wafer is
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illuminated with an intensity and spectrum equivalent to the one emitted by the flash

lamp, again unless differently stated.

First of all, it is verified that all the electron-hole pairs are indeed generated in the

first micrometers. The illumination spectrum was varied, first the one equivalent to the

Xenon flash lamp extracted from [16], and then a monochromatic one with wavelengths

of 700 and 1000 nm. As it can be seen in figure 2.9, most of the absorption takes place

in the first microns of the material.

Figure 2.9: Photogeneration rate as a function of the distance and different illumina-
tion spectrums.

Once demonstrated that the first statement is valid, it is necessary to check the condi-

tions in which the minority carrier density profile is constant. This is tested for different

bulk lifetime and surface recombination values, considering the Xenon flash lamp illu-

mination intensity and spectrum.

In figure 2.10, it is straight forward to see that for τb < 55.2µs the assumption of a

constant density profile is no longer true, hence equation 2.9 is not valid. It can be

explained through the diffusion length i.e. the average length that a carrier moves after

hole-electron generation and before recombination, which is related to the bulk lifetime

through diffusivity Dp/n:

Lb =
√
Dp/nτb (2.12)
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Figure 2.10: Hole density as a function of the distance and bulk lifetime with the
flash lamp illumination.

As the sample is n doped, the hole diffusivity is used (since holes are the minority

carriers) found in PC1D Dp = 61.07 cm2/s. For a bulk lifetime of 10 µs, the obtained

diffusion length is 250 µm, slightly lower than the sample thickness. This means that

the carrier distribution is not uniform anymore. The limit bulk lifetime for which the

equation 2.9 is no longer valid is found setting Lb = W and yields to τb = 20µs.

Next, the conditions for the surface recombination velocity in which the minority carrier

profile is constant are also checked, figure 2.11.

It can be seen that with the surface recombination velocity, something similar happens

than with the bulk lifetime. In this case the magnitude used to found the limit is the

effective length, whose equation is very similar to the diffusion length but using the

effective lifetime instead of the bulk lifetime.

Leff =
√
Dp/nτeff (2.13)

Extracting the effective lifetime with equation 2.9 and setting again Lb = W , the limit

for the surface recombination velocity was found to be S ∼ 840 cm/s, which coincides

with the above simulations.

The next step is to see how important is the error made if the minority carrier density

profile is not constant. In order to do it, a simulated and theoretical surface recombi-

nation velocity will be compared. The theoretical surface recombination velocity as a
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Figure 2.11: Hole density as a function of the distance and surface recombination
velocity with the flash lamp illumination

function of the apparent carrier density is found applying the following equation, ex-

tracted from reference [12].

Us =
n · p− n2

i
n+ni
Sp0

+ p+ni

Sn0

= S∆n (2.14)

where ni, Sp0 and Sn0 are extracted from PC1D.

On the other hand, the simulated surface recombination velocity is computed using

equation 2.9. The effective lifetime is calculated as explained in section 2.1.1, from ∆σ

and Gext(t) values extracted from PC1D. The bulk lifetime is calculated using the same

procedure but setting S = 0cm/s. With this, the surface recombination velocity as a

function of the apparent carrier density is obtained. It is plotted in figure 2.12, along

with the theoretical calculation.

As it can be seen, the extracted values for the simulated measurement perfectly match

the theoretical ones except for very high ∆n values. At this range, bulk lifetime is very

low due to Auger recombination leading to Lb < W and impacting the constant ∆n

assumption.

In order to study better this error, the minority carrier density profile as a function of

the distance is simulated and plotted at two different instants of time: at the beginning
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Figure 2.12: Comparison between the surface recombination velocity extracted apply-
ing equation 2.9 on the simulated samples and the one computed according to equation

2.14.

of the flash (t=1ms) and at the end of it (t=10ms). The simulation results can be seen

in figure 2.13.

Figure 2.13: Hole density as a function of the distance for the flash spectrum in two
different instants of time.

As it can be seen, ∆n(0) > ∆n(W ), as expected due to the higher generation rate
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at the front surface. However, we can apply that ∆n(0) = ∆n(W ) = ∆navg with

minimum error. Actually, in these simulations, the computed maximum error respect

to the average is ± 2.5 % at the end of the flash and of ± 4.5 % at the beginning.

Looking at the excess minority carrier density values, the red (right axis) curve, which

is simulated at the beginning of the flash lamp, corresponds to the high ∆n values

(∆n ∼ 5.5 · 1016cm−3) that do not match the theoretical values in figure 2.12. Although

the error made assuming ∆n(0) > ∆n(W ) is small, it is not negligible and negatively

impacts on S calculation. On the other hand, the blue (left axis) values obtained,

correspond to the ∆n range (∆n ∼ 1.5 · 1015cm−3) that perfectly match the theoretical

calculus of the surface recombination velocity, so the error made is negligible.

2.2.4 Determination of the optical constant

As previously said, the lifetime values in germanium are lower than in silicon, hence no

PCD measurements can be performed with the flash lamp. In order to find the optical

factor fopt, an array of Light Emitting Diodes (LEDs) was used to see the exponential

decay and measure the effective lifetime [17]. The device is a commercial high power

LED array INSTAR IN-905 emitting at 850nm shown in figure 2.14.

Figure 2.14: Array of LEDs used to measure the lifetime of germanium samples in
PCD conditions. Image extracted from [17].

The germanium sample was placed on the WCT-120 Sinton instrument and instead of

illuminating the sample with the flash lamp of the Sinton, the array of LEDs was placed

over it. With a function generator, the LEDs emitted a small pulse of intensity generating
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an excess of photoconductance. This excess was measured by the photoconductance

channel of Sinton WCT-120 and later processed with an excel spreadsheet modified for

germanium applying the above adaptations. An example of both signals can be observed

in figure 2.15.

Figure 2.15: Example of the pulse of intensity emitted by the LEDs and the expo-
nential decay of the photovoltage measured with the Sinton structure.

Focusing on the decay of the photovoltage, the measurement is in PCD conditions and

using the general equation 2.5 with Gavg = 0, the effective lifetime was easily extracted.

Overlapping this signal and a QSSPC measurement of the same wafer performed with

the Sinton WCT-120, the optical constant fopt was determined.

2.2.5 Examples

Once the measurement and data treatment have been established, the minority carrier

lifetime was measured in a p-type germanium wafer (W ∼ 170 µm and ρ ∼ 1 Ωcm). In

order to obtain better results, a 50nm-thick layer of Al2O3 was deposited on both faces.

The wafer was cleaned with HCl (33% concentration) during 1 minute [18] before de-

positing 50nm of Al2O3 by ALD in both surfaces. Then it was annealed in a furnace

filled with forming gas (H2/N2) at 375◦C during 10 minutes. In silicon, this step is

done to activate the aluminum dioxide, meaning that the negative charge density lo-

cated at the Al2O3/Si interface is increased to improve the passivation quality and the

metal-semiconductor contact [19].

The minority carrier lifetime was measured with the array of LEDs and the Sinton

equipment as seen in figure 2.16. In order to extend the minority carrier density range
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to lower injection, the QSSPC measurement was performed with a filter that blocked

part of the signal. Additionally, the limit lifetime that can be measured, which is the

one that fulfills Leff = W in equation 2.13, has also been plotted for comparison.

Figure 2.16: Lifetime measurement as a function of the minority carrier density of a
p-type germanium sample passivated both sides with Al2O3 performed with the LEDs
configuration, and the QSSPC regime with and without a filter. For comparison, it has
also been plotted the minimum lifetime that can be measured, which fulfills Leff = W

in equation 2.13.

Overlapping the LED and QSSPC signals, an optical factor of fopt = 0.8 was obtained.

Overall, it has been proved that the minority carrier lifetime of germanium wafers can

be obtained with the Sinton equipment after some minimal adaptations.
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Fabrication technology

3.1 Devices

The main focus of this work is to study the viability of transition metal oxide selective

contacts on crystalline germanium substrates. To achieve this objective, crystalline ger-

manium wafers were used to fabricate several devices. The wafers are one side polished

and have different conductivities. Their main characteristics according to the manufac-

turer are summarized in table 3.1.

Substrate
doping

Dopant
Resistivity
ρ (Ωcm)

Doping
(cm−3)

Thickness
(µm)

Orientation

n-type Ge-As ∼ 0.015 ∼ 4.0 · 1017 ∼350 < 100 >
n-type Ge-As ∼ 0.4 ∼ 4.2 · 1015 ∼350 < 100 >
p-type Ga ∼ 1 ∼ 2.5 · 1015 ∼175 < 100 >

Table 3.1: Main characteristics (according to the manufacturer) of the wafers used in
this work.

Different devices were fabricated using these wafers according to the objective of study.

First we focused on the n-type samples with two different resistivities: the low-doped

(ρ ∼ 0.4) and the high-doped (ρ ∼ 0.015). Later the study was centered on the p-type

samples.

First of all, solar cell structures were fabricated on the two n-type germanium wafers

using MoOx as hole transport layer (HTL) and laser fired phosphorous doped amorphous

silicon carbide (a-SiCx (n-type)) as electron transport layer (ETL). The objective of this

device was to study the viability of the MoOx as HTL on n-type germanium wafers with

different conductivities. Efficiencies of ∼2% were achieved for the low-doped samples,

while the high doped samples did not lead to operational devices.

22



Contents 23

Then we tried to fabricate another solar cell on low-doped n-type germanium using

MoOx as HTL and TiO2 as ETL. The ETL was fabricated first, and Transfer Length

Method 1 (TLM) structures were defined in a corner of the wafer and measured before

completing the solar cell. The process was stopped since measurements do not show

ohmic response.

Later we focused on p-type germanium wafers and tried again the two TMO’s based

contacts on a p-type wafer. This is the same approach that we tried to fabricate on n-type

wafers, but did not worked due to the TiO2 contact. However, it is completely different

to extract electrons from an n-type semiconductor than from a p-type semiconductor.

In an n-type semiconductor, there are mainly electrons and very few holes, hence ex-

tracting electrons is not a difficult task. However, the hole contact needs to block the

majority carriers, which are the electrons, while attracting and extracting the minority

carrier, which are the holes.

In a p-type semiconductor, the situation is the opposite one: there are mainly holes

and very few electrons. So extracting the holes is a much easier job than extracting the

electrons. Therefore, it is the electron transport layer (ETL) the most delicate selective

contact on p-type semiconductors. Additionally, in germanium the mobility of electrons

is almost twice the mobility of holes. Therefore the extraction of the minority carriers

may be easier in a p-type germanium than in an n-type germanium.

Although the TiO2/n-type germanium interface was not successful, it was worth to try

the TiO2 contact on p-type germanium. A diode was fabricated on p-type germanium

using MoOx as HTL and TiO2 as ETL. This time the response was the expected one,

fabricating the first germanium diode using only transition metal oxides and low tem-

perature processes.

Table 3.2 summarizes all the fabricated devices while an sketch of their structures can

be seen in figure 3.1.

Substrate
doping

ρ (Ωcm) HTL ETL Device Comments

n-type
∼0.015

MoOx

LFC Solar cell
No solar cell response

∼0.4
Best η: 2.43%

TiO2
TLM No ohmic response

p-type ∼1 Diode Operational

Table 3.2: Summary of the different devices fabricated through this work.

1These structures are explained in Section 4.2
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Figure 3.1: Sketches of the four devices fabricated on germanium wafers.

Independently on the type of conductivity, each selective contact was deposited using the

same approach. Like some of these transport layers are identical, instead of explaining

the fabrication process of each device, the following section describes the fabrication

process of each contact used.

3.2 Fabrication process

Before focusing on each contact, there are two essential steps in any fabrication process

which need to be explained: cleaning and lithography.

Before depositing any layer on a substrate, the surface has to be as free of impurities

as possible. Our laboratory has always been focused on silicon, so there is a huge expe-

rience on this semiconductor’s cleaning methodology that has been thoroughly studied.

However, since the technological development of germanium is very recent, these clean-

ing research has not been carried out. Based on the studies performed in reference [18],

the cleaning method adapted was a dip on HCl at a concentration of 33%, 1.5 min.

However, using this method sometimes the surface had small spots on it, so the cleaning

technique of the last samples was changed to the one used in reference [20]; the wafers

were cleaned first with an organic solvant (acetone and isopropil alcohol) then HF 1%
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1min and finally HCl 50% 2min. This was a successful change since no small spots were

observed on the germanium substrate anymore.

When fabricating a device, one of the selective contacts is done first, and then the other

on the opposite surface. As mentioned before, it is necessary to clean the surface before

depositing anything and the selective contacts already fabricated do not always hold the

chemical attacks needed to clean the surface, so it is necessary to protect them. This is

usually done by depositing a resist which is not affected by the acid attacks.

Additionally, when fabricating any device it is necessary to define its structure on the

metal stack, which is done by photolithography or through a shadow mask.

In the photolithographic process the metal has to be already deposited. On top of it,

a light-sensitive chemical resist is coated and a mask with the pattern to be defined is

placed on it. The sample is illuminated by ultraviolet light which reacts with the resist

transferring the pattern of the mask. The metal is attacked at the gaps where there is

no resist, while the rest is protected. Finally, the resist is removed and the pattern is

transferred to the metal.

Another option is by means of a magnetic shadow mask. Just before the deposition of

the metal layer, the mask is placed on the substrate so the material is only deposited

through the gaps of the mask, transferring the pattern to the wafer. Figure 3.2 shows

several magnetic masks, some of them used in this work.

Figure 3.2: Magnetic masks used to transfer its pattern on a surface substrate to
define the devices.

3.2.1 MoOx deposition

Hole selective contacts are formed using MoOx following a similar approach than the

ones used in references [7, 21, 22] to create solar cells on crystalline silicon.
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The molybdenum oxide is thermally evaporated inside a glove box in a low oxygen envi-

ronment (concentration <3 parts per million). MBRAUN Glove Box is a sealed container

filled with N2 designed to manipulate substrates inside a low oxygen atmosphere. As

it is an oxygen free environment, the container has two gloves needed for manipulating

the substrates, from where it comes the name. Inside the container, one has a vacuum

chamber for inorganic and metallic thin-film evaporation.

A picture of the Glove Box is shown in figure 3.3, along with its vacuum chamber on the

right. In the picture it is indicated the deposition controller, the system used to control

the deposition conditions according to the deposition rate and thickness, measured with a

quartz resonator. This sensor made of crystalline quartz, which is naturally piezoelectric,

changes frequency in response to the pressure applied by the deposited material. The

sensors are pointed out by the red arrows on the picture of the thermal evaporator.

Figure 3.3: On the left, picture of the Glove Box container. On the right, picture of
the thermal evaporator inside of it with its most important components indicated.

The sample is placed face down on the yellow square while it turns for better homogene-

ity. The material to evaporate is placed on a tantalum or tungsten boat where the green

arrows point out on the picture. The boat is heated at a certain temperature depending

on the power supplied by the deposition controller. When the rate is the desired one, a

manually controlled shutter (indicated in blue) is opened to allow the molecules of the

material to be deposited reach the sample.

The molybdenum oxide is thermally evaporated from powdered MoO3 pure sources. A

thickness of ∼20nm is deposited at a rate of 0.2-0.4 Å/s. Both germanium and silicon

wafers placed inside the Glove Box with this MoOx layer just deposited can be observed

in figure 3.4.



Contents 27

Figure 3.4: Germanium (round one) and silicon (quarter) wafers with a 20nm-thick
MoOx layer just deposited inside the Glove Box.

MoOx reacts with humidity and air contaminants, which are adsorbed at its surface

reducing the work function by several eV [23]. So it is necessary to be careful when

manipulating the sample.

Hence, right after the molybdenum oxide is deposited, the wafer is introduced with

minimum air contact in a radio frequency Sputtering system. This deposition technique

consists on bombarding a solid target material with energetic atoms, ionized argon gas

in our case. These energetic atoms hit the target material detaching molecules out of

it, which fall and condensate onto the substrate surface. It is used to deposit indium

tin oxide (ITO) at a pressure and power of 1.3 · 10−3 mbar and 50 W respectively. The

purpose of this layer is transporting the excited carriers to the metal electrodes for its

extraction. This is achieved thanks to its high conductivity [4]. Additionally its large

band gap (∼4eV) makes it mostly transparent in the visible range.

The solar cell, which was the first device fabricated, has an ITO thickness of ∼75nm,

which is the optimum one for silicon substrates according to simulations. These simula-

tions were repeated for germanium substrates using the Transfer Matrix Method (TMM)

in order to find the ITO width that minimizes the reflectance of the ITO/MoOx/Ge in-

terface.

This method analyzes the propagation of electromagnetic waves through a medium with

several interfaces [24]. The reflection of light from a single interface between two media

is easily described by Fresnel equations, but when there are multiple interfaces the reflec-

tions are also partially transmitted and partially reflected and interfere with themselves.

The TMM simplifies these calculations by applying simple continuity conditions in the

interface boundaries derived from Maxwell equations. If the field at the beginning of a

layer is known, the field at the end of the layer can be simply computed.
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Extracting the refractive index of the materials from reference [16], the optimal ITO

thickness found is in the range of 150-180nm, given a MoOx thickness of 20nm. The

increment of ITO thickness also helped to reduce the series resistance. Therefore, in the

following devices fabricated, the ITO width was increased to ∼150nm.

Figure 3.5 shows both germanium and silicon samples with a 20nm-thick MoOx and a

150nm-thick ITO layer. The different colours observed in the surfaces show the non-

uniformity of the Sputtering deposition.

Figure 3.5: Germanium (round one) and silicon (quarter) wafers with a 20nm-thick
MoOx and a 150nm-thick ITO layer.

Finally, a metallic electrode is needed to extract the current with minimum series resis-

tance. This is achieved by a thermally evaporated silver layer of 1 µm, deposited with

a shadow mask to define the devices when necessary.

3.2.2 TiO2 deposition

A part from the MoOx, the other transition metal oxide used in this work is the titanium

dioxide TiO2. The approach is again inspired from silicon solar cells [8].

This TMO is deposited by thermal Atomic Layer Deposition (ALD) using the equipment

Savannah S200 from Cambridge Nanotech. It is a nanometric scale precision technique

where an oxidant and a precursor gas are sequentially injected in a vacuum chamber

and react with the substrate surface.

A pulse of the oxidant gas, water in our case, reacts with the surface of the sample

leaving an -OH termination while the oxygen molecules are extracted in O2 gas form.

These -OH terminations react with the pulse of the precursor gas, forming the desired

layer (Al2O3 or TiO2 in our case) while the hydrogen molecules are extracted in H2 form.

Then another pulse of water reacts with the surface leaving again -OH terminations and

closing the cycle. Illustratively, this cycle is represented in figure 3.6.
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Figure 3.6: Schematic illustration of one atomic layer deposition reaction cycle, ex-
tracted from [25].

In each cycle, a monolayer is deposited with accurate and uniform thickness down to

the nanometer range. The amount deposited per cycle is expressed as growth rate, so

the cycles are repeated until the desired amount of material has been deposited.

In this work, ALD technique is used to deposit Al2O3 and TiO2 with water as oxidant

and TMA (Trimethylaluminium) and TDMAT (Tetrakis(dimethylamino)titanium) as

precursor gases respectively.

Back to the TiO2 selective contact, first the surface is passivated by 6 cycles of ALD

deposited Al2O3 at an estimated rate of 1Å/cycle. The deposition conditions of this

layer were extensively studied to improve the effective lifetime of the samples. Its thick-

ness is a trade-off between a good passivation, which requires a minimum width, and

tunneling conduction, which requires nanometric layers to occur. Right after the Al2O3

is deposited, 20 cycles of ALD TiO2 at ∼0.67Å/cycle form the selective contact.

Then the electrode metal needs to be deposited. This contact was also extensively

studied and optimized in reference [8] for solar cells on n-type silicon. The optimized

thicknesses and metals found were 20nm of Mg to minimize the contact resistance with

the TiO2 interface, and then 150nm of Al to minimize the contact resistance values

while extracting effectively the current. Hence, after the TiO2 deposition, the sample is

introduced inside the Glove Box to deposit the magnesium and aluminum at estimated

rates of 0.4 Å/s and 0.7-2 Å/s respectively. The deposition is made through a shadow

mask to define the devices.

Figure 3.7 shows a picture of the magnesium and aluminum pellets prepared for the

Glove Box thermal evaporation. They are placed on tantalum boats which are the ones

that transfer heat through the connection posts.
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Figure 3.7: Picture of the magnesium and aluminum pellets prepared for the Glove
Box thermal evaporation.

3.2.3 Laser Fired Contacts

The selective contact explained in this subsection uses the laser doping technique to

create highly-doped regions to form n+/n junctions. The layer used as dopant source

is phosphorous-doped amorphous silicon carbide a-SiCx (n-type). The approach carried

out has been previously studied and optimized for silicon wafers, showing excellent

results [19] and here we transfer the fabrication process to germanium substrates.

The use of laser to create doped regions can avoid conventional diffusion processes in

high temperature furnaces that represent one of the most expensive and time-consuming

processes in the fabrication line [19]. The laser beam heats locally the semiconductor

surface, melting the material as well as the dopant sources. This way the laser enables

the diffusion of the dopant impurities into the substrate allowing the flow of the excited

carriers through the dielectric layer.

The n-type wafer is introduced in the Plasma Enhanced Chemical Vapour Deposition

(PECVD) chamber where the phosphorous-doped a-SiCx dopant stack is deposited on

the substrate surface.

This stack consists first on a ∼4nm-thick intrinsic amorphous silicon carbide layer, which

is deposited to passivate the semiconductor. Although this approach is optimized for

silicon, PECVD amorphous silicon has also shown low surface recombination velocities,

hence good passivation, in germanium substrates [26]. Due to the large amount of silicon
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of this layer, its absorption coefficient is very high, so it can be only applied to the rear

side of the solar cell. The deposition conditions, optimized for silicon, represent a trade-

off between better passivation and increased light absorption [27]. Then a phosphorus-

doped amorphous silicon film of an estimated thickness of 15nm provides the n-type

dopant impurities. Finally, an stoichiometric amorphous silicon carbide film (∼75 nm)

is deposited to provide chemical and laser protection.

The laser fired contacts are made directly on this stack. The laser system used is a

pulsed Nd-YAG 1064 nm laser working in the nanosecond regime, whose power can be

adjusted by varying the intensity of the lamp that pumps the Nd-YAG crystal. The

contacts are separated a distance (technically called pitch) of 600 µm, fired at a power

of ∼1.3 W achieving ∼60 µm diameter spots, like the one shown in figure 3.8.

Figure 3.8: Spot created by the laser on the germanium sample with the amorphous
silicon stack.

The contact is finalized by means of an e-beam evaporated Ti/Pd/Ag (10nm/40nm/1µm)

metal stack that provides lateral interconnection between fired points. This stack is

composed of several metals since each one has a different purpose: titanium has a good

adherence to the surface; palladium acts as a diffusion barrier for the silver; and the

thick layer of silver is applied to minimize the contact resistance.
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Experimental results

Now that all the fabricated devices have been presented and the fabrication process for

each contact has been explained, in this chapter we present the electrical characterization

results.

4.1 Solar cell

The first fabricated devices were solar cells on n-type germanium with two different

conductivities: high-doped (ρ ∼ 0.015) and low doped (ρ ∼ 0.4). A four inches, 280

µm, ρ ∼ 1.4Ωcm silicon wafer was also processed as a witness monitoring the fabrication

process.

These solar cells used molybdenum oxide as hole selective contact in the front surface.

The ITO layer, almost transparent in the visible range, was deposited on the whole

wafer and then silver metallic electrodes were defined. At the back of the solar cell, the

electrons were collected by a laser fired amorphous silicon based stack, as explained in

section 3.2.3. A three layers stack was used; first an undoped amorphous silicon layer in

contact with the surface, for passivation purposes; then a phosphorous-doped amorphous

silicon film that provides the dopant impurities; and finally an stoichiometric amorphous

silicon carbide layer for protection. The laser fired contacts are made directly on this

stack and finally the metal contact is deposited to provide lateral connection.

Once the solar cell was finished, a Transmission Electron Microscopy (TEM) cross-

section image was obtained of the low doped germanium wafer. The microscope focused

on the interface ITO/MoOx/Ge, as can be seen in figure 4.1, together with the sketch

of the solar cell.

32
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Figure 4.1: Sketch of the solar cell with a TEM cross-section image of ITO/MoOx/n-
Ge heterojunctions, showing an interlayer between MoOx and ITO and MoOx and

Ge.

The most remarkable fact of this image is the diffusion of the molybdenum oxide to

its surrounding layers. These interfacial layers between TMO/Ge and TMO/ITO are

observed to be amorphous, in comparison with the crystal planes of germanium. In

reference [4], also appeared a ∼2nm interfacial layer between the TMO and the silicon

substrate, however the molybdenum oxide did not diffuse to the ITO. Additionally,

in our samples the layer between TMO and Ge is blurrier and wider, although it is

uniform without apparent pinholes. The thicknesses of these interfacial layers hinders

the tunneling conduction, which was the current mechanism proposed in [4].

Layer thicknesses are routinely measured using a perfilometer. It simply consists on a

thin stylus capable to measure nanometric steps. A measurement example is shown in

figure 4.2. The zero level at the left would be the germanium substrate while the signal

step is the MoOx+ITO stack. Looking at the height of this step, the thickness of the

layers can be estimated. The initial peak at the edge of the step is just dirt accumulated

due to the measurement technique.

J-V measurements

All the electrical measurements in this work were performed using an I-V Keithley

3601B tracer at room temperature in a four contact probe configuration. By means of

this equipment and a solar simulation lamp the intensity voltage (J-V) response of the

solar cells under light conditions can be obtained. In each fabricated device, three solar

cells were defined on the germanium samples and four on the silicon one. The light and

dark response of each one can be observed in figures 4.3 to 4.5.
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Figure 4.2: Perfilometry measurement of the MoOx+ITO stack.

Figure 4.3: J-V measurements of the three low-doped germanium solar cells in dark
(dashed line) and light (continuous line) conditions

The low-doped germanium sample showed a good J-V response with very high series

resistance, as can be seen in figure 4.3. However, the high-doped sample had no opera-

tional characteristics, as can be seen in figure 4.4 showing a decreasing slope at negative

voltages. Given that the solar cells followed the same fabrication process, it seems that

this malfunction may be attributed to the lower resistivity.
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Figure 4.4: J-V measurements of the three high-doped germanium solar cells in dark
(dashed line) and light (continuous line) conditions

Figure 4.5: J-V measurements of the four silicon witness solar cells in dark (dashed
line) and light (continuous line) conditions

The J-V response of the silicon witness solar cell, observed in figure 4.5, was the expected

one, implying that apparently there were no major problems during the fabrication

process.
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From the illuminated J-V response, several parameters can be extracted. The intersec-

tion of the curve with the x axis is called the open circuit voltage Voc. This parameter

is defined as the maximum voltage available from a solar cell, obtained at zero current.

On the other hand, the short circuit current Jsc, defined as the current when the applied

voltage is 0, is found at the intersection with the y axis. The point of the J-V curve

when the current voltage product is maximum, is defined as the maximum power point.

The corresponding values for voltage and current are called maximum voltage point Vmp

and maximum current point Jmp, respectively. With these parameters, the fill factor

FF can be calculated through equation 4.1, defined as the ratio of the maximum power

obtained from the solar cell to the product of Voc and Jsc. Graphically, the FF is a

measure of the ”squareness” of the solar cell characteristic and is also the area of the

largest rectangle which will fit in the J-V curve (red square in figure 4.6) divided by the

area of the square formed by Voc and Jsc (blue square).

FF =
VmpJmp
VocJsc

(4.1)

Figure 4.6: Solar cell parameters graphically explained from its J-V characteristic.

The last factor obtained from this curve is the energy conversion efficiency, represented

by η. Defined as the ratio between the maximum power obtained from the cell and the

incident lightpower coming from the sun, it is calculated through the following equation:

η =
Pmp
Pin

=
VmpJmp
Pin

=
VocJscFF

Pin
(4.2)
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Table 4.1 shows all these parameters from the measured J-V curves of the solar cells,

except for the high doped samples.

Substrate ρ (Ωcm) VOC (V) ISC (mA) FF (%) η (%)

Ge ∼ 0.4
0.1379 44.85 40.86 2.43
0.1301 42.54 40.59 2.20
0.1237 40.66 38.98 1.93

Si ∼ 1.4

0.5710 28.12 67.02 10.71
0.5626 28.67 69.37 11.16
0.5719 28.01 70.10 11.19
0.5712 28.12 69.44 11.14

Table 4.1: Parameters extracted from the J-V response of the 1cm2 solar cells.

Comparing the results for germanium solar cells with the ones obtained in silicon solar

cells, there is a huge loss in the open circuit voltage Voc while the short circuit current Jsc

increases. This is due to the small band gap of germanium. A semiconductor with low

band gap, absorbs more photons, and hence have more excited electrons and generates

more current. As all the excited electrons end up with an excess energy similar to the

band gap of the semiconductor, smaller band gap implies smaller voltage. Since the

band gap of silicon is higher than the one of germanium, more open circuit voltage and

less current are expected in silicon solar cells than in the germanium ones.

Comparing the solar cell parameters in this work with the results of van der Heide in

reference [28], the Voc value obtained for a germanium photovoltaic cell was of 205.5 mV

under AMG1.5G illumination, while the short circuit current was of 42.1mA/cm2. The

fill factor and efficiency were 61.8% and 5.34% respectively. The values of Jsc are very

similar, and its solar cells have higher Voc, which is translated in larger fill factor and

efficiency. This is understandable given that the solar cells fabricated by van der Heide

focus on passivation and follow a more conservative approach than ours, whose purpose

is to demonstrate the viability of transition metal oxides.

It should be taken into account that the measurement set-up is prepared to measure

silicon solar cells, so the lamp spectrum simulates the sunlight response until ∼1200nm,

the maximum absorption wavelength of silicon wafers. But, as explained in Chapter 2,

germanium absorbs up to 2000nm due to its lower band gap, so the obtained response

in germanium solar cells may be different than the real one since the amount of photons

at the 1200-2000nm range that the sun emits may not be well represented by the sun

simulator.

Suns-Voc measurements

Suns-Voc measurements were performed in order to obtain curves without the effect of

the series resistance. In this measurement configuration, the cell is illuminated by a
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flash lamp with a slow decay while the open circuit voltage Voc of the cell is measured.

A separate solar cell is used to monitor the illumination intensity.

The theoretical explanation behind this measurement is found in the J-V response of a

solar cell, which is the superposition of the J-V curve of the solar cell diode in the dark

and the light-generated current:

J = J0

[
exp

(
V

nVt

)
− 1

]
− JL (4.3)

where J0 is the dark saturation current, n is the ideality factor, Vt is the thermal voltage

and JL is the light generated current.

In open-circuit conditions, where the total current is 0, the equation becomes:

JL = J0

[
exp

(
Voc(suns)

nVt

)
− 1

]
(4.4)

Since the open circuit voltage Voc depends on the light intensity, by varying the illumi-

nation conditions with a flash lamp, this dependence of the Voc can be measured. The

light intensity in suns is obtained with a reference solar cell, using the same procedure

as the Sinton WCT-120. By plotting the open circuit voltage values as a function of the

light intensity, the suns-Voc curve is obtained.

Besides, the light intensity can be transformed into a pseudo current through the short

circuit current:

JL = suns · JSC(1sun) (4.5)

obtaining a pseudoJ-Voc curve.

Since no current is drawn from the cell, this method is an effective way to obtain a

J-V measurement without the effect of the series resistance Rs. It is only necessary to

previously know the short-circuit intensity Jsc of the solar cell.

Figure 4.7 shows the pseudoJ-Voc of the solar cell together with the dark J-V response

for comparison. It is easy to observe the effect of the series resistance.

Similarly to the Sinton WCT-120, this equipment also uses a reference silicon solar cell

to measure the light intensity coming from the flash. As explained in section 2.2.1,

in order to avoid measurement problems, the response of the silicon reference cell and

a germanium reference solar cell were measured and compared as a function of the
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Figure 4.7: PseudoJ-Voc and dark J-V response of the solar cell, compared to show
the effect of the series resistance.

illumination intensity. The result obtained was similar to the one in figure 2.8. Since

the measurement procedure also requires of a constant factor (similar to the optical

factor in lifetime measurements), this constant illumination difference is included in this

factor. It is determined by matching the voltage measured at 1 sun with the Voc value

obtained from J-V measurements.

Since there is no series resistance effect, these curves are easier to fit than a J-V mea-

surement to the general diode expression 4.6.

j = j0(T )

[
exp

(
qV

nkT

)
− 1

]
= j0(T ) [exp (A(T )V ) − 1] (4.6)

According to the dependence of the ideality factor n (or equivalently A(T)) and j0 with

temperature, the different transport mechanisms can be identified as summarized by the

table below, [29].

Model A(T) Ideality factor n

Shockley diffusion q/kT 1
Thermoionic emission q/kT 1

Generation/recombination q/2kT 2
Multitunneling capture emission constant ...

Table 4.2: Behaviour of the parameters A(T) and n depending on the dominant
recombination mechanism of the solar cell.

Three of these conduction mechanisms are graphically explained in figure 4.8, adapted

with permission of the authors from [30].
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Figure 4.8: Proposed equilibrium band diagram of a MoOx germanium based solar
cell and the current transport mechanisms identified with numbers: (1) Multitunnelling
mechanism, (2) Thermoionic emission, (3) Shockley diffusion. The observed tunnel in
reverse bias is the same than (1), but in the opposite direction. Adapted from [30] with

permission of the authors.

The pseudoJ-Voc response of the best solar cell fabricated was measured at different

temperatures in order to elucidate the main recombination mechanism. These curves

were obtained with 5K temperature steps from 293K to 323K, figure 4.9.

Figure 4.9: PseudoJ-Voc curves obtained at different temperatures.
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The fitting results are shown in figure 4.10, suggesting that the main current mechanism

is tunneling as can be seen from the constant A(T) as a function of the temperature.

Figure 4.10: Evolution of the parameters extracted from the pseudoJ-V curves at
different temperatures.

Series resistance

The series resistance of the low-doped germanium solar cell is very high, as can be seen

by the slope at high voltages from the J-V response, figure 4.3. Ideally, this curve should

be similar to an exponential, but the series resistance lowers this inclination. In order to

obtain an estimated value for the series resistance, this parameter was calculated using

different methods according to reference [31].

First, the J-V response can be fitted to a diode model focusing especially on the ”elbow”

of the exponential, which in our case is around 0.1 V. The fitting shows an estimated

series resistance of Rs ∼ 0.6Ω. It can also be computed from the slope of the curve at

high voltages, obtaining a value of Rs ∼ 0.51Ω.

The series resistance can also be calculated comparing the dark J-V measurement with

the pseudoJ-V measurement, extracted from the suns-Voc curve. By comparing both

curves at the maximum power point, a series resistance of Rs ∼ 0.7Ω was obtained.

This 10% of error in the determination of the series resistance with the different methods

is in agreement with [31]. According to this reference, the most reliable value is the
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one obtained comparing dark J-V with the pseudoJ-V measurement, since there is no

computational uncertainty.

The obtained values of the series resistance are similar to the ones on silicon solar cells

following the same approach. However this value in silicon samples is not a concern.

Imagine two solar cells, one of germanium and one of silicon, with the same series

resistance. Since the band gap of germanium is lower than the one of silicon, the voltage

produced is smaller. When current is drawn from the cell, the series resistance causes a

voltage drop. Although this drop in voltage is the same in both solar cells, the effect of

the series resistance is more notorious in a germanium solar cell than in a silicon one.

External Quantum Efficiency, EQE measurements

The External Quantum Efficiency is defined as the ratio of the number of carriers col-

lected to the number of incident photons of a given energy. It has been obtained with

a QEX10 PV equipment that measures the current intensity produced by the sample

which is directly illuminated with a monochromatic light. It covers a wavelength range

from 300nm to 1200nm and can perform the measurements under negative voltages.

Some of these measurements were performed at the Universidad Politécnica de Madrid

(UPM) in Madrid in order to extend the wavelength range to 2000nm, more suitable

for germanium samples. The EQE response of the best solar cell on low-doped germa-

nium substrate is shown in figure 4.11. For comparison, the EQE characteristic of the

thermophotovoltaic (TPV) solar cell fabricated in reference [28] is also plotted.

Figure 4.11: External Quantum Efficiency of the best low-doped germanium solar
cell in this work compared to the response from [28] thermophotovoltaic solar cell.
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Comparing both characteristics, our spectral response is greater at low wavelengths,

between 300 and 600nm, while the response obtained in reference [28] is larger at longer

wavelengths. This difference in large wavelengths is usually attributed to the passivation

of the back contact in silicon solar cells.

Since the photogenerated electrons around 600nm are generated very near to the surface,

they should be efficiently collected due to the electric field, with no time for recombina-

tion. Given that the structure had not been optically optimized, these losses were mostly

attributed to reflectance. This was confirmed by performing reflectance measurements

in a Shimadzu UV-Vis-Nir spectrophotometer. Three samples were deposited on low

reflective glass: the first one had 20nm of MoOx deposited; the second, 75nm of ITO;

and the third had 20nm of MoOx and 75nm of ITO over it. The reflectance of the three

samples from 300 to 1800nm can be observed in figure 4.12.

Figure 4.12: Reflectance measurements of three glass samples with MoOx (20nm),
ITO (75nm) and MoOx(20nm)+ITO(75nm).

By correcting the effect of these reflection measurements, the internal quantum efficiency

(IQE) can be calculated:

IQE =
EQE

1 −R
(4.7)

which represents the fraction of collected electron-hole pairs per absorbed photon. This

magnitude is plotted as a function of the wavelength in figure 4.13 together with the

external quantum efficiency.
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Figure 4.13: Internal and external quantum efficiency measurements of the best low-
doped germanium solar cell.

Although this IQE characteristic is not precise, since the reflectance measurements were

performed on glass and not n-type germanium, from this internal quantum efficiency it

can be deduced that most of the losses are optical.

Furthermore, EQE measurements under negative bias were also performed. As one can

see from figure 4.14, by measuring the cell at reverse bias voltage, the response increases

until it saturates at a maximum EQE signal. This phenomena is explained by the effect

of the series resistance. Going back to figure 4.3, where the J-V response of the low

doped germanium solar cell is plotted, the curve is not flat near to the short circuit

current. By measuring the external efficiency at negative bias, we are moving towards

the flat part of the curve, where the measured current is higher, as well as the EQE. To

conclude, the EQE losses are attributed to the series resistance and reflectance.

Another characteristic of the EQE without voltage applied is the abrupt fall around

1500 nm. By performing PC1D simulations, the experimental data was reproduced by

adding a front surface charge of −1.9 · 1011cm−2. In reference [21], they also found this

front surface charge and was attributed to a dipole in the interface TMO/silicon caused

by the molybdenum oxide.
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Figure 4.14: External Quantum Efficiency of the best low-doped germanium solar
cell at inverse voltages.

From the EQE measurement at 0mV, the short circuit current Jsc can be estimated

applying the following equation:

Jsc = q

∫ λmax

λmin

AM1.5G(λ)EQE(λ)dλ (4.8)

where q is the elemental charge of the electron, λ is the wavelength and AM1.5G(λ) is

the standard solar spectrum at the Earth’s surface extracted from PVlighthouse [16].

The integral was performed in order to see if the error obtained in the J-V measurements

from the sun simulator, as explained above, was significant. The integration range was

from 300 to 1800nm, and the Jsc value obtained was lower than the one extracted from

the J-V measurements but very similar: 39.62 mA/cm2 compared to 40.66 mA/cm2. It

can be concluded that apparently the error produced by the sun simulator at wavelengths

greater than 1200nm is not significant.

Additionally, the EQE response obtained in reference [28] was also integrated for com-

parison. A value of 39.69 mA/cm2 was obtained, really similar to the short circuit

current of 42.1 mA/cm2 extracted from our J-V response. Back in figure 4.11, where

the two external quantum efficiencies are compared, although the response obtained in

[28] is greater at longer wavelengths, the spectral irradiance of the sun in that range

is really low. Besides, the irradiance is larger around 600nm, where our EQE signal is

greater, so overall both short circuit currents are really similar.



Contents 46

Capacitance-Voltage

Capacitance measurements were also performed as a function of the voltage applied. Its

theoretical background is related to the space charge region of the solar cell:

C =
εs
wscr

=
εs√

2εs
q

1
ND

(φs − V − Vt)
(4.9)

where εs is the semiconductor’s permitivity; wscr is the width of the space charge region;

ND is the donor dopant since the solar cells are fabricated on n-type germanium; φs is

the band bending at thermal equilibrium in the semiconductor; and the thermal voltage

factor Vt = kBT
q comes from the integral of the charge carrier density in the spatial

charge region of a diode [32].

Then, the curve 1/C2 vs V in reverse, called Mott-Schottky plot, should show a linear

trend with two free parameters: ND extracted from the slope and φs related to the

crossing point at the voltage axis, figure 4.15.

1

C2
=

2

εsq

1

ND
(φs − V − kBT

q
) (4.10)

Figure 4.15: Mott-Schottky plot of the best samples of the low-doped germanium
and silicon samples

Similar trends have been obtained for all solar cells leading to table 4.3:

Substrate ND(cm−3) ρ(Ωcm) φs (mV) 2φb (mV)

Ge 6.9 ± 0.1 · 1015 0.25 291±4 294
Si 3.6 ± 0.1 · 1015 1.35 673±9 660

Table 4.3: Parameters extracted from the Mott-Schottky plots of the solar cells.
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The resistivity values are in concordance with the ones given by the manufacturer. The

built-in potential φb has been calculated through the equation:

φb = Vt · ln(
ND

ni
) (4.11)

Figure 4.16: Scheme of the energy levels of the junction metal/P/N union.

Looking at the table, since φs is approximately the double of the built-in potential φb, it

suggests that the germanium surface is going into high inversion conditions. Moreover,

as the capacitance decrease is linear, it implies a constant charge density profile.

4.2 TiO2 TLMs

Since the solar cell in low doped n-type germanium was operational, demonstrating the

viability of MoOx as a selective contact on n-type germanium, the next objective was

to study the viability of the TiO2 based electron contact on n-type germanium.

The focus was on fabricating a solar cell using both selective contacts based on TMOs.

First the TiO2 contact was fabricated, following the approach explained in the previous

chapter. The deposition of the Mg/Al stack was done using a shadow mask in order to

define Transfer Length Method (TLM) structures.

These structures are used to measure the sheet resistance of the semiconductor and the

contact resistance of the stack. The theory that is beyond TLMs can be explained in a

simple resistor geometry with two metallic contacts, where the total resistance is:

RT = 2Rm + 2RC +Rsemi (4.12)

where Rm corresponds to the metal, RC to the interface between the metal and the

semiconductor, and Rsemi to the semiconductor [33]. In general, the resistivity of the
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Figure 4.17: Schematic of the simple resistor geometry, formed by a semiconductor
with two metallic contacts.

metal in the contact is so low RC >> Rm that Rm can be ignored. Furthermore, the

semiconductor resistance is related to the sheet resistance Rsh with:

Rsemi = Rsh
L

W
RT = 2RC +Rsh

L

W
(4.13)

This suggests a method for measuring the contact resistance by constructing resistors of

different lengths, figure 4.18. By extracting the total resistance of each pair of resistors

and plotting it as a function of the distance, one obtains a linear curve, where the

sheet resistance is extracted from the slope and the contact resistance, from the y axis

intersection, figure 4.19.

Figure 4.18: Schematic of the Transfer Length Method structure. On the left, a cross
section of the TLM structure. On the right, a superior view of the TLM structure.

Figure 4.19: Total resistance as a function of the contact length from a typical TLM
graphic.
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Back to the TiO2 TLMs, once the metals were deposited, the structures were measured

with the IV-tracer. An sketch of the cross section of the device can be seen in figure

4.20.

Figure 4.20: Sketch of the cross section of the TiO2 TLM fabricated.

On the shadow mask used to define the TLMs, the lengths (L) of the resistors are very

small (less than 1mm) so the measurements were performed in a short voltage range.

The TLM responses obtained were not linear, as can be seen in figure 4.21. The signal

is too low and without symmetry. Therefore, the conclusion is that the TiO2 selective

contact did not successfully extract electrons in n-type germanium. So the fabrication

of the solar cell with MoOx and TiO2 was aborted.

Figure 4.21: I-V measurements of the TLM structures at different contact lengths.



Contents 50

4.3 Diode

Once the two transition metal oxides of interest in this work were tried as selective

contacts on n-type germanium wafers, the focus changed to p-type samples. A diode

was fabricated on p-type germanium using MoOx and TiO2 based selective contacts.

Although the configuration is the same that was tried on the previous section, in this

case it was not possible to fabricate a solar cell. With the configuration proposed there

is no transparent conductive layer, such as the ITO layer, to allow the flow of carriers

to the electrode. Flipping the structure is not an option either since passivation studies

prove that MoOx does not effectively passivates p-type germanium. However, the first

objective will be to see the viability of the contacts based on the transition metal oxides

with p-type germanium. With this purpose we fabricate the diode sketched in figure

4.22.

Figure 4.22: Sketch of the diode fabricated on p-type germanium with the two tran-
sition metal oxides studied in this work as selective contacts.

The contacts were fabricated as explained in the previous chapter, and before the magne-

sium/aluminum deposition, a shadow mask was placed in order to define several diodes

of 5x5mm2. Their J-V characteristics can be seen in figure 4.23.

Figure 4.23: On the left, J-V response of all the diodes fabricated. On the right, this
same response in logarithm scale.
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As one can see, the obtained response is characteristic of a diode, although the series

resistance is very high. This device is the first diode ever fabricated on germanium

substrate using transition metal oxides as transport layers. This fact opens the door to

the fabrication of germanium devices avoiding high temperatures processes, hence re-

ducing considerably the fabrication costs. Moreover, the fact that TMOs based contacts

worked on crystalline germanium as well as crystalline silicon, opens the door to other

semiconductors.

The capacitance-voltage response of the diodes was also measured at two different fre-

quencies, figure 4.24. The obtained magnitudes from these curves are summarized in

table 4.4.

Figure 4.24: Mott-Schottky plot of the best diode at two different frequencies.

Frequency (kHz) NA(cm−3) ρ(Ωcm) φs (mV) 2φb (mV)

10 2.6 · 1015 0.979 387 245
100 2.2 · 1015 1.163 339 236

Table 4.4: Parameters extracted from the Mott-Schottky plots of the diodes.

Like in the solar cell C-V characteristic, the obtained values reveal that the surface is

in high inversion conditions. Additionally, the obtained resistivities are in the range of

values given by the manufacturer.

As explained before, the passivation effect of the Al2O3 layer on germanium is not

guaranteed. So, in order to see if this layer was necessary, an additional study was

performed were diodes were fabricated following the same approach as explained before
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but without the 6 cycles of ALD Al2O3. When the J-V response of these diodes was

measured, the curve obtained was more like a resistance.

Another test was performed, inspired in reference [20]. They fabricated diodes applying

directly ytterbium on an n-type germanium substrate. In order to see if this strategy

may work in our contact, a third kind of diodes were fabricated depositing directly

the magnesium/aluminum stack on the germanium. The J-V response of these diodes

was also similar to the previous one, typical from a resistance. Therefore we conclude

that the Al2O3/TiO2 stack is necessary on p-type germanium substrate although its

passivation qualities have not been studied yet.
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Conclusions and future work

This final degree project has been focused on studying the viability of transition metal

oxides as selective contacts on germanium. Based on previous works on silicon, several

devices have been constructed at the UPC Electronic Engineering department facilities.

Besides, an extensive lifetime study has been carried out to enable to measure the mi-

nority carrier lifetime of germanium samples. Several adaptations including the mobility

model and the determination of the optical constant have been performed on the Sinton

WCT-120 equipment in order to arrange it to germanium substrates. The changes have

been justified and supported by computational simulations performed with the PC1D

software.

This result provides a way to measure in an easy, fast and cheap way the minority carrier

lifetime of germanium samples with minimum adaptations of the equipment. This offers

an insight of the efficiency of the device, very useful to check the several fabrication steps

without need to finalize the device. As a future work, the lifetime of more germanium

samples passivated with different stacks should be measured to strengthen the obtained

results.

Focusing on the main objective, the transition metal oxides studied have been molybde-

num oxide and titanium dioxide. Four different devices have been constructed to prove

the viability of these contacts on n and p-type germanium.

First of all, a solar cell was fabricated to prove the viability of the molybdenum oxide

contact on low doped n-type germanium. Although the efficiency values obtained have

been low, of 2%, the response was the one corresponding of a solar cell. It is necessary

to remark that this solar cell was not optimized, but simply adapted from a silicon

approach. Therefore, a future objective is to optimize each step of the fabrication of this

solar cell. By minimizing the series resistance and improving the surface passivation and

53
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cleaning methods, the solar efficiency can be increased. This progress would also open

the possibility to change the fabrication strategy to an interdigitated back contacted

solar cell.

Additionally, this same device was fabricated in a highly doped n-type solar cell without

the expected response. The conclusion is that the heterojunction is only operational for

low doped germanium samples.

Besides, Transfer Length Method structures proved that the contact titanium dioxide/n-

type germanium is not ohmic, therefore the transition metal oxide seems not to be

operational as electron selective contact on germanium substrates.

Finally, to check this viability together with the titanium dioxide/p-type germanium

interface, a diode was constructed using molybdenum oxide contact as hole transport

layer, and titanium dioxide as electron transport layer. This diode showed successful

results, but with high effect of the series resistance. As a future objective, this resistance

should be lowered but especially the surface passivation should be improved in order to

try to fabricate an interdigitated back contacted solar cell.

Moreover, this work has only been focused on two transport layers, but the viability of

other transition metal oxides as selective contacts has also been proved in silicon and it

is worth to investigate them also on germanium substrates.

Overall, the transition metal oxides studied have been proved to be viable on n and p-

type germanium as selective contacts, except for the titanium dioxide/n-type germanium

interface. This result provides an alternative to substitute high temperature processes

on the fabrication of germanium devices, which would imply a reduction of costs and

time of the fabrication process.
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[17] Laura Gómez Ortega. High power LED array for thin c-Si carrier lifetime measure-

ments. Master’s thesis, Universitat Politècnica de Catalunya, Barcelona, Spain,
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