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Abstract

Solar cells based on crystalline silicon offer high efficiency but they are expensive
due to the high temperatures required in their fabrication. The alternative approach
using low-temperature processable organic-semiconductors is potentially cheaper, but
the organic solar cells are not very efficient. In this thesis we explore if organic
semiconductors can be integrated with silicon to form hybrid organic/silicon solar
cells that are both efficient and low-cost. Specifically, we demonstrate that a) organic
molecules can be used to reduce carrier recombination at the silicon (100) surface and
b) a solution-processed organic/silicon heterojunction can replace the conventional
silicon p-n junction to yield solar cells with high power conversion efficiencies (>10
%).

With decreasing wafer thicknesses and improving bulk lifetimes of silicon solar
cells, losses due to carrier recombination at the silicon surface are becoming increas-
ingly important. At a bare silicon surface, some of the silicon valencies remain unsat-
isfied. These “dangling-bonds” cause midgap states at the silicon surface where pho-
togenerated carriers can recombine, resulting in lower performance. Typically, a layer
of silicon oxide/nitride is deposited on the silicon, at high-temperatures (>350 °C), to
passivate the dangling-bonds and reduce surface recombination. Organic semiconduc-
tors can be deposited at much lower temperatures, but in general organic materials
do not react with the silicon dangling-bonds and the surface remains unpassivated. In
this work, we demonstrate that the organic molecule 9,10 phenanthrenequinone (PQ)
reacts with and satisfies the silicon dangling bonds, leading to a relatively defect-free
silicon surface with a very low surface recombination velocity ( 150 cm/s). Electrical
measurements of the metal/insulator /silicon devices show that the Fermi-level at the
PQ-passivated silicon surface can be modulated and an inversion layer can be induced
in silicon. High electron mobility of 600 cm?/Vs is measured at the Si/PQ interface

further proving the electronic quality of the PQ-passivated surfaces.
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To generate a photovoltage in a solar cell, the photogenerated carriers need to be
spatially separated at two electrodes of opposite polarity. In solar cells this is typ-
ically accomplished using a p-n junction. While the p-n junction technology is well
understood, the fabrication of p-n junctions on silicon is an expensive process because
it requires ultra-clean furnaces, pure precursors and high temperatures. In this thesis
we successfully replace the silicon p-n junction with an silicon/poly(3-hexylthiophene)
heterojunction that can be manufactured at low temperatures (<150 °C) with a sim-
ple spin-coating process. The key design rules to achieve a high quantum-efficiency
and high open-circuit voltage are discussed and experimentally demonstrated. Fi-
nally we highlight the importance of reducing minority-carrier currents in these het-
erojunction devices, which gives a pathway for further improving the efficiency of
heterojunction solar cells. Using the prescribed design rules and optimizing device
structure, a silicon/organic heterojunction solar cell with an open-circuit voltage of

0.59 V and power conversion efficiency of 10.1 % is demonstrated.
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Chapter 1

Introduction

1.1 Motivation

There is an emerging need to reduce our dependence on fossil fuels and shift to
renewable sources of energy. Solar photovoltaic (PV) devices, or solar cells, are a
promising way to convert sunlight into electricity. However, as of 2010, solar PV
accounted for just 0.03% of the total energy generation in the US [1]. The primary
reason for the low market penetration is higher costs. Compared to conventional
sources, solar electricity is too expensive, mostly due to the high upfront costs of
manufacturing and installing solar modules.

In the solar PV market, many different technologies exist, each with a different
price and performance trade off. To allow absolute comparison between the competing
PV technologies, PV panels are quoted in terms of “dollar per watt-peak” ($/Wp).
This ratio takes into account that one needs fewer number of more efficient modules to
generate the same amount of total power. “Watt-peak” simply refers to the fact that,
solar panels are rated for power produced at the peak light intensity, even though the
actual power output varies during the day.

Crystalline silicon PV is the dominant technology with 80% of the market share.



Table 1.1: Cost estimate of various components of a photovoltaic module in 2010
(without cell and module manufacturer’s margin) [2]

Component Cost ($/Wp)
Silicon 0.54
Raw materials (Si feedstock, saw slurry, saw wire) 0.36
Utilities, maintainance, labor 0.04
Equipment, tooling, building, cost of capital 0.06
Margin 0.08
Cell 0.26
Raw materials (eg. metallization, SiNx, dopants, chemicals) 0.18
Utilities, maintainence, labor 0.04
Equipment, tooling, building, cost of capital 0.04
Module 0.36
Raw materials (eg. Glass, EVA, metal frame, j-box) 0.26
Utilities, maintainence, labor 0.01
Equipment, tooling, building, cost of capital 0.01
Shipping 0.08
Total 1.16

Silicon cells are efficient (13-20 % average efficiencies), but they are expensive. As of
2010, average manufacturing costs of silicon-based PV modules were 1.16 $/Wp (cell
and module manufacturer margins not included) [2], not only because silicon is expen-
sive, but also because fabrication of an efficient cell requires several high-temperature
steps, complicated equipments, and expensive materials [3, 4, 5] (Table 1.1). [6].
One way to reduce cost ($/Wp) is to compromise on efficiency and use cheaper
materials: electrically inferior thin-film semiconductors instead of more expensive
crystalline Si. The lower raw material costs, low-temperature processing, cheaper
capital equipments, and higher throughput manufacturing allow these “thin-film”
technologies to achieve substantial reductions in cost. First Solar’s CdTe and Oer-
likon’s amorphous-Si technologies are prominent examples of this approach (Fig. 1.1).
Organic molecules with conjugated m-electron systems are also a class of thin-
film semiconductors. In lieu of inter-atomic valence and conduction bands they have

intra-molecular filled and empty energy levels, referred to as the highest-occupied-



molecular-orbital (HOMO) and lowest-unoccupied-molecular-orbital (LUMO), respec-
tively [7]. The energy gap of organic materials is typically ~ 2-3 eV, which is larger
than that of crystalline silicon (1.1 eV). The big advantage with organic materials
is their manufacturability - organic thin-films can be deposited using low-cost high-
throughput techniques, such as lamination, spray-coating or transfer printing [8]. Due
to the cost advantages, many types of organic-based solar cells have been proposed
in literature [9]. However efficiency of these devices is too low [6] and their reliability

is very limited [10, 11].

1.2 This Work

In this thesis a hybrid approach is demonstrated, where organic materials are inte-
grated with silicon to form a silicon/organic device that exploits the cost advantages

of thin-film organic materials and superior performance of silicon [12, 13, 14].
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Figure 1.1: Price verses performance trade off of different PV technologies.

Like “all-organic” solar cells, hybrid devices use only low-temperature (<150°)

processing techniques and are very simple to fabricate - an organic semiconductor



is spin-coated or evaporated on top of crystalline silicon, followed by metalization.
Another advantage of hybrid devices is the possibility of higher throughput - unlike
dopant diffusion which is a slow step, organic inks can be deposited on silicon at
extremely high speeds.

Like Si-based solar cells, light absorption and photogenerated charge separation in
hybrid devices happen predominately in silicon, so losses due to poor light absorption
and photogenerated carrier recombination are low. Theoretically, very high efficien-
cies, rivaling crystalline silicon solar cells, can be achieved in hybrid photovotaic
devices.

In addition to direct benefits discussed above, the elimination of all the high-

temperature steps in solar cell fabrication has many indirect cost advantages.

1. Other than silicon melting and purification, no other energy intensive step is

required, saving energy costs.

2. High throughput allows better economics of scale to reduce the fixed costs as-

sociated with each solar cell.

3. Low thermal stresses on the silicon wafers may allow use of thinner Si wafers,

which reduces poly-Si (raw material) cost.

4. Capital costs are reduced because expensive high-temperature ultra-clean fur-

nace are replaced with less stringent and simpler equipments.

5. Many of the silicon impurities get activated during the high-temperature steps,
leading to reduced minority carrier lifetimes and higher losses. Low-temperature

processing may allow the use of cheaper quality silicon wafers.

In summary, “hybrid” silicon/organic photovoltaic technology is a potential can-

didate for low-cost AND efficient photovoltaics (Fig. 1.1).



1.3 Solar Cells: Basics

Structurally, solar cells are diodes that have been optimized for absorbing light and
low dark-current. Like all diodes, there is a built-in electric field inside a solar cell
which allows current to flow in only forward-bias (Fig. 1.2(a)). In the dark, the
current-voltage characteristics are similar to that of a diode: low leakage in the
reverse-bias and an exponential turn-on in the the forward bias (Fig. 1.2(b)). The

current density (J) depends on the voltage across the device (V') as
J(V) = Jo (e?V/"T — 1) (1.1)

where k is the Boltzmann constant, T" is the temperature, n is the ideality factor, and
Jo is the saturation current density of the diode. In the case of low-level minority
carrier injection and dominance of the Shockley-Read-Hall recombination, n is unity,

and Jy is given by

7 Dpn?+ D,, n?
=9, Ny L, Ny

(1.2)

n; is the intrinsic carrier density, Np and N4 are the extrinsic doping concentrations
in the n- and p-type regions, D, and D, are diffusion coefficients of electrons and
holes in silicon, and L, and L; are the diffusion lengths of minority carriers. The
equation assumes the long-base approximation is valid.

Under illumination, photons get absorbed in silicon, generating electron and hole
pairs. The built-in electric field separates these charges and forces them towards

opposing electrodes, causing a photocurrent (Jr) (Fig. 1.2(c)). The current voltage



characteristics in this case are given by

J(V) = Jo (e™/™T —1) — J,

Pgener(zted(v) = (JO (qu/nkT - 1) — JL) % (13)

The generated power (P), given by the product of voltage and current (negative values
represent generated power), has a global maximum, called the peak power point. To
extract maximum energy from a solar cell, it should be biased near the peak power
point.

The performance of solar cells is typically measured in terms of three figures of
merit: the short-circuit current (Jg¢), the open-circuit voltage (Voc), and the fill-

factor (FF). For the case when the series resistance (R;) is zero, Eq.(1.3) gives

Jsc = Jr

kT J
Voc = n—ln (ﬁ =+ 1)
q Jo

P
FF — max
VocJsc

. VocJsc F'F
PR

(1.4)

where 7 is the power conversion efficiency. The peak power is generated at some

intermediate point between Jgo and Voo (Fig. 1.2(d)).

1.4 Efficiency of Silicon Solar Cells

To increase the efficiency of a solar cell, at least one of the figures of merit,Js¢), Voc,
or FF, needs to be increased. The record efficiencies published in the literature of
various solar cell technologies are give in Table 1.2 [6]. To better compare the different

technologies the implied Jy of the diodes, calculated from the solar cell parameters
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Figure 1.2: (a) The band-diagram of a model diode with Jy of 10'® A/cm?, along
with I-V characteristics in dark and under AM 1.5 illumination, plotted on (b) semilog
and (c) linear axes. (d) The generated power as a function of voltage, showing the
maximum power point.

using Eq. (1.4), is also shown.

1.4.1 Short-Circuit Current

For the simple case of constant generation across the whole depth of a solar cell, the
JSC is given by

JSC = qG(Ln -+ Lp) (15)



Table 1.2: Performance of different solar cell technologies at AM1.5 conditions [6].
Reported values of solar cell parameters: Efficiency (), Voc, Jsc and FF. Implied
value of Jy was calculated using Eq. (1.4).

N Voo Jso FF Area Jo(a)
Cell Type %) (V) (mA/em) (%) (m?)  (Ajom?)
Single-crystalline Si 25.0+£0.5 0.706 42.7 82.8  4.00 6.9x10714
HIT (c-Si/a-Si) 23.0+£0.6 0.729 39.6 80.0 155.1 2.6x10714
Multi-crystalline Si 20.440.5 0.664 38.0 80.9 1.002  3.1x10'3
Thin film transfer Si 16.7+£0.4 0.645 33.0 78.2  4.017 5.6x10°13
Amorphous Si 10.1+£0.3  0.886 16.75 67.0 1.036 2.6x10°'7 (P)
Single-crystalline GaAs 27.6+0.8 1.107 29.6 84.1 0.9989  9.6x10%!
CIGS 19.6+0.6 0.713 34.8 79.2  0.996 4.3x1014
CdTe 16.740.5 0.845 26.1 75.5  1.038 2.0x10716
Organic 8.3+0.3 0.816 14.46 70.2  1.031 3.4x10716 ()

(@) Extracted from given parameters using Eq. (1.4)
(®)Due to low FF, extracted value is inaccurate.
where, G is the generation rate due to illumination and L, & L, are the hole and
electron diffusion lengths, respectively. The relation assumes that the depletion width
in both n and p regions is much less than the diffusion lengths,L, & L,. The relation
also neglects the effect of surface recombination. For a solar cell in which the diffusion
lengths are longer than the wafer thickness (L,, L, >W), the diffusion term drops off
and the short-circuit current depends only on the photon-flux of the incident light.
Solar insolation spectrum closely matches the broadband spectrum of a 5777 °K
blackbody [15], but due to atmospheric absorption the actual spectrum reaching
earth is strongly confined between the far infrared and near ultraviolet. Solar cell
efficiencies are normally quoted against the ASTM AM 1.5 (Global) standard illumi-
nation (Fig. 1.3) [16]. The incident power at AM 1.5 illumination is 100 mW /cm?
(Fig. 1.3(a)). By dividing the spectral irradiance (1) with photon energy (%), the
spectral photon flux (®,) can be extracted (Fig. 1.3(b)).
A semiconductor with a given bandgap (E¢) strongly absorbs photons with ener-

gies greater or equal to Eg. Some phonon-mediated absorption does occur at lower
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Figure 1.3: (a) The spectral irradiance and integrated power density of the 100
mW /cm? AM 1.5 (Global) standard. (b) Incident photon flux as a function of wave-
length. The maximum photocurrent densities at each wavelength are also shown.

energies but the absorption lengths are so long (~ 1 mm in silicon) that not many
carriers are generated by this process in a 200-500 pm thick silicon wafer. Assuming
each photon generates a electron-hole pair, i.e. an internal quantum efficiency of 1,
the maximum possible photocurrent at a given wavelength cutoff can be calculated
(Fig. 1.3(b)). For silicon, whose bandgap is 1.12 eV, only wavelengths below 1110 nm
are absorbed and the maximum photocurrent is 43.8 mA /cm? [17]. State of the art
crystalline solar cells reach very close to the maximum value (Jsc >42 mA /cm?) by

clever use of light-trapping structures and anti-reflection coatings [18].

1.4.2 Fill-Factor

Fill factors decrease with increase in the internal series resistance. Usually, the top
metal grid covers only 5-10% of the top surface, so photogenerated carriers need to
travel large lateral distances before they are collected at the metal contact. If the
conductivity of the top semiconductor layer is not high enough, the resulting ohmic
losses reduce the fill-factor [19].

Fill factors also reduce if the ideality factor (n) of the solar cells increases. The



Table 1.3: Ideality factors (n) resulting from different recombination mechanisms that
may have been observed in solar cells.

Recombination Type Description

SRH in quasi-neutral region (low-level injection)
Band to band (low-level injection)

SRH in quasi-neutral region (high-level injection)
Band to band (high-level injection)

SRH in depletion region

Auger

Minority carrier limited.
Minority carrier limited.

Both carriers needed.

Both carriers needed.

Both carriers needed.

Two majority and one minor-
ity carriers needed.

wWo b N N — = | 3

ideal diode-characteristics (Eq. (1.1)) assume that current flows only due to low-level
minority-carrier injection (into quasi-neutral regions) and carrier recombination only
via the Shockley-Read-Hall (SRH) mechanism [20]. In a practical cell, current can
be caused by several other mechanisms (Table 1.3), e.g high-level minority carrier
injection (n=2) [21], Auger recombination (n=%) [22], recombination in the depletion
region of the diode (n=2) [23, 24]. Non-uniformity in the doped layers is also reported
to cause higher ideality factors [25]. Current contribution of these non-ideal processes
have different voltage dependence than the ideal case of Eq. (1.1) and consequently
ideality factors of practical devices deviate from unity.

Both increased ideality and higher fill factors can be a big issue in thin-film devices,
because the mobilities and diffusion lengths of carriers in amorphous materials are
usually poor. However, in the case of high-quality crystalline silicon solar cells fill-

factors that are very close to the theoretical maximum (>80 %) are easily obtained.

1.4.3 Open-Circuit Voltage

Since Jg¢o and fill-factor are already near the theoretical maximum in practical silicon
solar cells, the only parameter available for further improvement is Vpe. Improve-
ments in Voo require a reduction in Jy (according to Eq. (1.4)).To understand the

intuitive reasoning behind the relationship between Jy and Voo, we need to first un-

10



Current

Dark Current Dark

Anode Z

Photocurrent mmm—— =
Dark Current

Dark Current

— — MW
Idark Vapplied Idar’k - IPhOtO RLoad
(3) )

Figure 1.4: The directions of electron and hole flow in a forward-biased p-n junc-
tion diode. The dashed line represent the dark-current, while solid lines represent
photocurrent. (a) In dark, current due to minority carrier recombination flows from
anode to cathode. (b) Under illumination, the photogenerated current (Ippor,) flows
from cathode to anode, but some of it lost due to dark-current.

derstand the physical process what .Jy represents. Consider a p-n junction silicon
diode (Fig. 1.4).

Theoretically, Jy of the device depends on the minority carrier diffusion lengths
and bulk doping as per Eq. (1.2) [20]. At equilibrium, the diffusion current (due
to carrier density gradient) equals the drift current (due to the built-in field), and
the net current is zero. When a forward-bias is externally applied across the p-n
junction (Vgppiiea) the built-in field id reduced, upsetting the drift-diffusion balance.
The more dominant diffusion current injects minority-carriers across the junction into
the quasi-neutral region, where they recombine. Holes are injected from p-Si to n-
Si, electrons are injected from n-Si to p-Si, resulting in a positive current flow from
anode to cathode (dotted lines of Fig. 1.4). The higher the injected minority-carrier
current, tje higher Jy. So Jj is simply a measure of minority carrier recombination in
the diodes.

Under illumination, excess carriers are created in the quasi-neutral regions of

silicon due to photogeneration. The built-in field tries to re-establishe equilibrium
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by flushing out the photogenerated carriers, electrons towards the cathode and holes
towards the anode (solid lines of Fig. 1.4b), thereby causing a photocurrent, in the
direction opposite to the minority carrier current and a positive photovoltage (exact
values depend on the load resistance). However, due to a positive photovoltage and
resulting reduction in built-in field, some of the minority carriers go the “wrong way”,
i.e. they are injected across the junction and lost to recombination (dotted lines of
Fig. 1.4b). The amount of current lost to recombination is precisely the value of
the dark-current at that voltage. By decreasing Jj, we are reducing the amount of
carriers lost to recombination, and so a lower Jy should lead to a more efficient solar

cell (higher Voe).

1.5 Methods to Reduce J,: Back Surface Fields

1.5.1 Reducing Bulk Recombination

One way to reduce the recombination losses is to increase the minority carrier diffu-
sion lengths in bulk silicon. This is usually achieved by replacing silicon wafers grown
by the Czochralski (CZ) process with wafers grown by the Float-zone (FZ) process.
Compared to CZ wafers, FZ wafers are known to have long minority carrier recombi-
nation lifetime; a <1 ms for CZ compared [26] to ~ 10 ms for FZ [27], partially due to
the lower oxygen and carbon content [28]. The world-record 25 % solar cell [18] was
fabricated on FZ-silicon. However, this technology has limited commercial potential
because FZ wafers are many times more expensive that CZ wafers. Other options,
such as magnetic CZ [28], have been demonstrated, which try to find a middle ground
between quality and price of silicon wafers.

Another way to reduce minority carrier injection is to increase the doping of the
silicon substrate, since Jy is inversely proportional to substrate doping (Np) as per

(1.2). However, minority carrier lifetimes are known to degrade (i.e. diffusion lengths
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L, and L, decrease) with increasing doping concentration [29], so there is an upper
limit to which doping can be increased. Silicon solar cells typically use 1 Qcm p-Si

wafers with ~ 100 ps lifetime [28].

1.5.2 Reducing Surface Recombination

The cost of poly-silicon, the source material for the growth of crystalline silicon, is
a big component of total cost (Table 1.1), so manufacturers prefer thinner silicon
wafers. At present the industry standard is a 150-200 pm thick silicon wafer with
bulk minority carrier lifetimes of >100 ps [30]. Since the minority carrier diffusion
lengths in these devices (~ 500 pm) are longer than the wafer thickness, most of the

recombination occurs not in the bulk, but at the surfaces (Fig. 1.5(a)).

Use of Homojunction Surface Fields

To reduce surface recombination, solar cells use a variety of structures, which in
literature are collectively referred to as the front/back surface fields (BSF and FSF).
The structure used to create these surface fields, typically consist of a combination of
dielectric layers (silicon oxide and silicon nitride), floating p-n junctions, and doped
high-low junctions (p/p* or n/n*) [31].

The surface recombination is particularly acute at the metalized silicon surface
because the Si/metal interface is known for very high surface recombination velocities
(SRV) [32, 31]. Under certain assumptions discussed in Appendix A,

A*T?

SRV etal =
T gNG

(1.6)

where, A* is the effective Richardson constant, 7' is the temperature, Ng is the
conduction band density of states, and ¢ is the electronic charge. At 300 °K, SRV, ctai

>105 em/s. The most common method to reduce Si/metal recombination is through

13



Surface Reduced Surface
Recombination Recombination

Dark Current / Dark Current <

Photocurrent € Photocurrent € pT-Si
Cathod = Cathod ‘
amiodezzzzzr==m=" Ll === Anode athode > > Anode
Photocurrent 7~ Photocurrent
. A ®
Dark éﬁrrent Dark 6urrent
(a) (b)

Reduced Surface
Recombination

Dark Current <

.:“>

\ Dark Current

Reduced Surface
Recombination

(c)

Figure 1.5: (a) Band Diagram of solar cell in which recombination at the metal
contact dominates. The solid lines are desired direction of photogenerated carrier
flow and the dashed line represents dark current, or equivalently the loss mechanism.
(b) Effect of a p/p™ back surface field in reducing the electron recombination at the
anode. (c) Effect of a well designed wide-bandgap silicon heterojunction that reduces
the electron recombination at the anode using the barrier induced by the offset in the
conduction band.

a high-low junction, which for solar cells made on p-type Si involves the addition
of a highly doped p™ layer underneath the Si/metal interface. The resulting p/p™
junction induces an electric field at the silicon surface which repels the electron away
from the junction, thereby reducing surface recombination (Fig. 1.5(b)).

While the silicon homojunction cells have good performance, they do suffer from

two disadvantages a) the energy barrier associated with high/low junctions is only ~
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0.2 eV, which limits the performance of the minority-carrier blocking back-surface-
field and b) the fabrication of diffused junctions requires high-temperature steps and

specialized equipment.

Use of Heterojunction Surface Fields

One possible way to achieve larger surface-fields and reduce fabrication costs is to
replace diffused homojunctions with wide-bandgap heterojunctions on both sides of
silicon [33] (Fig. 1.5¢). In such a structure the heterojunction at the anode blocks
minority-carriers (electrons) and a different heterojunction at the cathode blocks the
majority carriers (holes). Together, the two heterojunctions replace the back surface
field and p-n junction, respectively, of the conventional silicon structure.

The wide-bandgap material at each of the heterojunctions has to satisfy certain
band-alignment criteria. On the anode side, the proposed heterojunction requires a

wide bandgap semiconductor with:

(a) a conduction-band edge that is much higher than conduction band edge of
silicon, i.e. there should be a large conduction band offset to block electrons

and

(b) a valence-band edge that is aligned with valence band edge of silicon, i.e. there
should almost no valence band offset, so that the photogenerated holes are easily

collected at the anode.

For the cathode the conditions are reversed, i.e. the heterojunction should block holes
but let electrons go through.

Furthermore, the metal work-function at the two electrodes should also satisfy
certain requirements. To insure that there is a built-in electric field at zero-bias, to
separate photogenerated carriers, the work function of the anode metal should be

high (>4.9 eV) while the work-function of the cathode metal should be low (<4.2
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eV).

1.6 Previous Work

Several review articles, provide a good in-depth review of all present day silicon-
based solar cell technologies [34, 35]. In this section, two representative examples are
discussed, to illustrate some important solar cell concepts that are relevant to this

thesis.

1.6.1 PERL Cell: Representative nT-p-p™ Homojunction So-

lar Cell

Developed at the University of New South Wales, the passivated emitter and rear
locally diffused (PERL) cell is a standard n™-p-p-T homojunction structure used to
fabricate 24% efficient solar cells [36, 18, 28, 35]. The salient features that contribute

to its performance are:
e The substrate is 400 pm thick p-type FZ crystalline silicon wafer.

e The silicon surface is textured with inverted pyramids to reduce light reflection
and increase “light-trapping” [37]. The longer wavelength “red” photons have
long absorption lengths (~ 1 cm), so in a 400 pm thick cell, they reflect multiple
times inside the cell before getting absorbed. The textured surface reduces the
chance of them escaping from the top surface, hence the term “light-trapping”.

The improved light absorption increases the Jg¢.

e The top surface is covered with a thin layer of oxide (250 A) and a double
layer antireflection coating (ZnS and MgFs). The oxide passivates the top
surface and reduces recombination of carriers generated near the top surface.

Oxide layers is usually grown in TCA (1,1,1-trichloroethane) ambient because it
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Figure 1.6: Structure of a “Passivated emitter and rear locally diffused” (PERL) solar
cell [35].

helps maintain high minority-carrier lifetimes during processing and improves
the quality of the passivating oxide. Reduced recombination leads to higher

Voc. The antireflection coating, reduces the reflection of the shorter wavelength

“blue” photons from the top surface, thereby increasing Jsc.

e A blanket moderately-doped (=~ 4x10*® cm™) n-type layer that is used to sep-
arate photogenerated carriers and blocks holes. Highly-doped n'*-layers suffer
from several problems, such as bandgap narrowing, degeneracy, and Auger re-
combination, all of which degrade the solar cell performance [38]. The effect of
this “dead layer” is most acute for blue photons. By reducing the n-doping the
PERL stucture delivers a higher Jgso than cells with highly-doped n-layers. In

a typical cell n-layers are made by POCI3 diffusion.

e Locally diffused highly-doped n™ layer (also called the “emmiter” layer). The
highly-doped layers not only forms an effective n™-p junction to separate the
photogenerated carriers but also prevents recombination of holes at the top

Si/metal interface, thereby increasing the Voe.

e Dielectrically enhanced metallic rear Al reflector, reflects the red photons back
into the silicon [39]. This increases the efficiency of the light trapping and

increases Jgc.
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e Locally diffused highly-doped p* as the back surface field (BSF). The p/p*t
junction at the back served to reduce recombination of electrons, thereby in-

creasing Vo [40].

e Thermal-oxide-passivated back surface. Even with a with a p™ BSF, the Si/metal
interface at the back surface is a major cause of surface recombination. By con-
fining the area of the Si/metal interface to less than 5-10 % of the total back
area and passivating the rest with high-quality oxide [41], both Js¢ and Ve are
increased [40]. The p-layers can be made either by alloying Al with silicon above
their eutectic temperature (>577 °C) [42], or by diffusing boron [40]. While the
performance is superior in the latter, cost and throughput consideration make

the Al BSF popular in commercial solar cells.

1.6.2 HIT Cell: Representative pT-n-nT Heterojunction So-

lar Cell

Developed by Sanyo, “Heterojunction with intrinsic thinlayer” (HIT) solar cell im-
plements the idea of wide-bandgap heterojunction, using hydrogenated amorphous
silicon (aSi, bandgap of 1.7 eV for n-type/intrinsic and 1.6 eV for p-type aSi [43])
as the wide-bandgap material [44, 45] to block both electrons and holes. In terms of
traditional silicon solar cell language, heterojunctions are used for both charge sepa-
ration and back-surface field (Fig. 1.7). Some of the salient features of HIT structure

are:

e At the interface between aSi and c¢Si, a very thin layer of intrinsic aSi is grown
at both the heterojunctions. Surprisingly this i-aSi layer is extremely good at
satisfying the previously unsatisfied valencies of the crystalline silicon surface,
thereby passivating the silicon surface (SRV <50 cm/s [31]). Consequently

solar cells with record open-circuit voltages (0.729 V) have been demonstrated
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Figure 1.7: (a) Structure of a “Heterojunction with intrinsic thinlayer” (HIT) solar
cell. (a) The ideal band alignment required for efficient operation [43].

[45]. Interestingly, the passivation does not work if the aSi layers are doped! It
is believed that the deterioration is due to the interface states caused by the

doping materials which attach to the c-Si surface during the deposition process

[43].

e The top and bottom electrodes have blanket coating of sputtered ITO. Due to
the high resistivity (low carrier mobility) of the even heavily-doped aSi layers,
transparent conducting layers are needed on the front and back of the of the
structure to allow lateral carrier transport to the metal contacts. The advantage
of the approach is that even the backside of module can generate power, by
absorbing the light scattered from the surroundings. The disadvantage are:
high costs, conductivity losses, and transmission losses of I'TO. The losses in

ITO force a trade off between Jg¢ and fill-factors [46].

e The approach uses n-type phosphorus doped wafers, which is almost unique
within the industry. One advantage of this approach is that, unlike cells made
on p-Si, cell made on n-Si do not suffer from boron-oxygen defects [47, 48]
and there appear to be no corresponding problems with phosphorus-oxygen
defects. Secondly, n-Si wafers have fundamentally higher lifetimes than p-Si

wafers, arguable due to lower recombination activity of metal and non-metallic
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Figure 1.8: Estimated band structure for HIT cell based on published values of aSi
electron affinity, showing the valence band offset that may block photogenerated holes
at the anode-side heterojunction [43].

impurities [49, 50, 51].

e Processing temperatures after wafer formation are similar to those typical of
amorphous silicon solar cell processing (~ 200 °C), much lower than those for

normal crystalline silicon.

e Published values of aSi electron affinity suggest that there is a valence band off-
set between p-aSi/n-cSi [43] (Fig. 1.8). Theoretically, such an offset is expected
to limit collection of photogenerated holes at the anode and reduce Js¢ [52].
In practical HIT cells, no such effect has been reported, arguably because the

holes are able to tunnel through the thin p* layer [43].

1.7 Thesis Outline

In this work, hybrid silicon/organic heterojunctions (SOH) are investigated for photo-
voltaic applications. The key contribution is identification and solution of two critical

issues that have limited performance in previous devices - unpassivated midgap de-
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fects at the silicon surface and band-alignment at silicon/organic interfaces. A novel
organic-based passivation scheme for Si (100) surfaces has been developed that reduces
silicon surface defect density without the use of any high temperature steps. Two dif-
ferent silicon/organic heterojunctions have been developed, one to block minority
carriers from recombining at the Si/metal contacts and another to block majority
carriers. These heterojunctions could be used in crystalline silicon photovoltaics as
a replacement for diffused p/p* and p-n junctions, thereby enabling solar cells that
are fabricated at low-temperature and at low-cost, but deliver high performance.

In chapter 2, the silicon/organic heterojunctions are discussed in detail. The ma-
jor challenge of such an approach - defects at the Si/organic interface - is identified and
present state of the art solutions are discussed. To fully replace all high-temperature
steps that are used in the fabrication of silicon solar cells, two different types of het-
erojunctions are required - one to replace the majority-carrier blocking p-n junctions
and second to replace the minority-carrier blocking back surface field. Closed-form
expressions for both types of heterojunctions are presented which highlights both the
advantages and the technical challenges of the heterojunction-based approach.

In chapter 3, a solution to the fundamental problem of integrating amorphous
organic onto crystalline silicon surfaces is presented. The organic small molecule,
9,10-Phenanthrenequinone (PQ), functions as a novel passivating layer, that can be
deposited an an intermediate layer between the organic and silicon, to reduce the in-
terface defect density at Si/organic heterojunctions. Minority carrier recombination
lifetime measurements, X-ray spectroscopy (XPS), and field effect device characteris-
tics are used to establish passivation quality of PQ. To better understand the impact
of PQ on current transport, ultraviolet photoemission spectroscopy (UPS) and in-
verse photoemission spectroscopy (IPES) were used to measured band-alignment at
the n and p-type silicon/PQ interfaces. The work described in this chapter was the

subject of two publications [13, 14].
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In chapter 4, a minority-carrier blocking silicon/organic heterojunction is pre-
sented. First a need to fabricate a special device that can be used to probe changes
in minority carrier currents is identified. Next detailed simulations are used to design
such a structure - called the “minority-carrier probe”. The fabricated minority carrier
probe is tested and shown to function in the intended way. Using the minority carrier
probe, a Si/organic heterojunction that can lower the electron current by a factor
of two is demonstrated. The work described in this chapter was the subject of one
paper published in a conference proceedings [12].

In chapter 5, two majority-carrier blocking silicon/organic heterojunctions are
presented. The low temperature processable heterojunction can be used to replace
the conventional p-n junction. Simulations and device current-voltage characteristics
are used to identify the band-alignment criteria that the organic layer need to sat-
isfy. It is shown that compared to a Si/metal device, the majority carrier currents in
Si/organic/metal device are several orders of magnitude lower. Using theory, simula-
tions and actual device measurements it is shown that further improvements in these
devices require reduction of minority carrier currents. By optimizing the top elec-
trode and silicon substrate doping, a 10% efficient crystalline silicon hybrid solar cell
is demosntrated. The work described in this chapter was the subject of two papers
currently under peer-review.

In chapter 6, some preliminary studies to probe the stability of the Si/organic in-
terfaces are presented. The quality of PQ-passivation is found to be a strong function
of light exposure. Exposure to UV light from a mercury lamp in the right dosages,
was found to drastically decreases the surface recombination velocity. The temporal
stability of PQ-passivated surfaces is also presented. Without any encapsulation, PQ-
passivated silicon surfaces are found to be stable for at least 24 hours. However the
stability increases to months with the even the most rudimentary encapsulation. A

hypothesis explaining the light and encapsulation sensitivity of PQ-passivated surface
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is presented.

In chapter 7, a summary of all the results and some ideas for future work are
presented. The two heterojunctions presented in this thesis block only electrons.
A similar heterojunction needs to be developed for holes, with the ultimate goal of
integrating both the majority and minority-carrier blocking heterojunctions into the
same device for >20% efficient solar cells. A parallel research problem could tackle
the issue of stability. Present generation devices degrade within hours or months,
but to really compete with conventional silicon technologies, lifetimes in excess of 20

years need to be demonstated.

23



Chapter 2

Silicon /Organic Heterojunctions

for Photovoltaics

2.1 Introduction

The goal of this thesis is to investigate if organic semiconductors can be used to
make wide-bandgap heterojunctions on silicon. There is considerable interest in such
organic/silicon devices [53, 54] because hybrid devices can exploit the advantageous
properties of both classes of materials - the potential low-cost and synthetic variety of
organic semiconductors with technological maturity of silicon. Using hybrid hetero-
junctions many novel devices have been proposed in the literature, e.g. gas sensors
[55] and bio-compatible sensors [56].

Heterojunction devices are also very useful for photovoltaic applications because:

1. Theoretically the devices can be very efficient - the wide-bandgap heterojunction
made by a wider-bandgap organic and silicon might lead to HIT-like solar cells

with a Ve that is higher than for homojunction solar cells.

2. Device are expected to be low-cost - organics can be quickly and easily deposited

on silicon using potentially cheap processes such as spin-coating, spray-coating,
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ete.

3. Formation of such “straddling gap” (type I) heterojunctions on silicon using
inorganic semiconductors is a difficult problem [44, 57], but organic semicon-
ductors can be easily layered on top of silicon using low-cost solution-based

manufacturing.

4. Finally, organic semiconductors offer a large design space to tailor the physi-
cal and electrical properties of thin films by manipulating the chemical struc-
ture [58], making the task of designing and fabricating silicon/organic hetero-
junctions considerably simpler. For example, unlike HIT cells which are stuck
with an undesirable valence-band offset (Chapter 1), the organic heterojunc-
tions might be designed with a zero valance-band offset by fine-tuning the

HOMO/LUMO levels of the organic semiconductor.

Despite the advantages and several previous attempts [59, 60, 61, 62, 63], the Si/organic
heterojunctions have not been commercially relevant because the power conversion
efficiencies achieved so far have been very low (<2-5%). The theoretical reasons for
poor performance and device design to overcome these problems are the subject of
this chapter.

In this chapter, first the band-alignment criteria of SOH cells will be discussed.
Next two issues that are critical for silicon/organic heterojunctions will be identi-
fied: band-alignment (Section. 2.3.1) and interface defects (Section. 2.3.2). Finally
design of two silicon/organic heterojunctions will be presented, each serving an im-
portant function with regard to solar cells. The first heterojunction blocks minority
carriers from recombining at the p-type silicon/metal contact, increasing the open-
circuit voltage, while the second blocks majority carriers from recombining at the
silicon/metal contact and separates photogenerated carriers, giving rise to a pho-

tocurrent. Theoretical calculations reveal that under certain conditions, performance
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of these heterojunction solar cells can exceed performance of the homojunction equiv-

alents.

2.2 Fundamental Band Requirements of Silicon/Organic
Wide-Bandgap Heterojunctions

While light is easily absorbed in crystalline silicon, efficient extraction of the photo-
generated electrons and holes typically requires fabrication of diffused n-p and p-p*
junctions [64, 18]. In cells fabricated on p-type silicon, the two junctions serve two

different functions:

(a) The p-p™ low-high junction blocks minority carriers (electrons) from recombin-

ing at the anode (dotted red line in Fig. 2.5(b)).

(b) The n*-p junction blocks the majority carriers (holes) from flowing to the cath-
ode and creates the “built-in” electric field, that separates the photogenerated

carriers and causes a photocurrent (solid lines in Fig. 2.5(b)).

The resulting lower dark-currents lead to a lower Jy and high Voo as per Eq. (1.4).
The Jy of well engineered n™-p-p* junctions can be lower than 10'3 A /cm?, which
allows these cells to achieve very high power conversion efficiencies (>20%) [64, 18].

Theoretically, wide-bandgap heterojunctions are even better at reducing surface
recombination due to the higher surface fields. Consequently, higher open-circuit
voltages can be achieved in heterojunctions [33], e.g. HIT cells own the record for
Voc in silicon devices (Section 1.6.2) [44, 45]. Unfortunately there is no known wide-
bandgap crystalline semiconductor that can be epitaxially deposited on crystalline
silicon. Among the amorphous materials, organic semiconductors have energy gaps
that are larger than 1.12 eV, so they can be expected to form wide-bandgap hetero-

junction with silicon.
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Figure 2.1: (a) The conventional n*-p-p* solar cell. (b) Effect of a well designed
wide-bandgap silicon heterojunction that performs the same function. The solid lines
are desired direction of photogenerated carrier flow and the dashed line represents
dark current, or equivalently the loss mechanism.

As explained in Section 1.5 Fig. 1.5, to replace both the diffused homojunctions in
crystalline Si solar cells, two different heterojunctions are needed (Fig. 2.1(b)). The
heterojunction that replaces the back-surface field, requires a Si/organic interface that
blocks electrons from recombining at the the anode but allows photogenerated holes
to flow to the anode. The heterojunction that replaces the n-p junction requires a
Si/organic interface that blocks the holes from recombining at the cathode but allows
photogenerated electrons to flow to the cathode. In the next few sections both types
of heterojunctions are discussed in more detail.

Finally a two important clarifications. First, the organic layers in the silicon/organic
heterojunction devices of Fig 2.1 are very thin (10nm), so our intuition suggests that
most of the light absorption should occur in silicon and not in the organic layer.
Second, separation of photogenerated carriers also must happen in silicon because
of the electric field in silicon. This is very unlike the “all-organic” solar cells, where
both absorption and charge separation happen in silicon. In SOH devices, the organic

layers are used only to engineer the band gaps and block carriers.
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Table 2.1: Comparison between electrical properties crystalline silicon (¢Si) and amor-
phous organic thin-film semiconductors, highlighting the problem with integrating
them together.

Property Crystalline Si Organics
Chemical
Atomic/molecular Crystalline Amorphous
arrangement
Bonding Interatomic covalent Intermolecular Van der Walls
Filled energy level Valence band HOMO
Empty energy level Conduction band LUMO
Electrical 0
Bandgap 1.12 eV 2-3 eV
Bulk mobility 100-1400 cm?/V-s <10 cm?/V-s
Reliability >20 years only ~ 1 year.
Fabrication
Deposition Epitaxial Thermal evaporation, solu-
tion casting, etc
Temperature 500-1000 °C <200 °C
Potential cost High Low

2.3 Silicon/Organic Interface: Issues and Solutions

Crystalline silicon and amorphous organic thin-films are inherently dissimilar materi-
als, and from an electrical perspective are difficult to integrate onto the same device

(Table 2.1).

2.3.1 Problem 1: Band-Alignment

To obtain a high open-circuit voltage and short-circuit current, the band alignment
at the silicon heterojunction should be precise.

As discussed before, in silicon heterojunction solar cells, one heterojunction blocks
the majority carriers but lets the minority carriers through, and another blocks the
minority carriers but lets the majority carriers through. For example, the heterojunc-
tion shown in Fig. 2.2(a), blocks electrons at the anode and holes at the cathode, to
reduce dark current and enable high V¢, but allows collection of holes and electrons

at the anode and the cathode, respectively, so that photocurrent is high.
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Figure 2.2: (a) Ideal wide-bandgap p-Si/organic heterojunction that blocks majority
carriers (holes) at cathode and minority carriers (electrons) at anode. (b) A mis-
aligned heterojunctions which blocks carriers at the wrong anode, leading to poor
collection of photogenerated carriers.

If the strict alignment criteria is not obtained, device performance can suffer. For
example, if holes are blocked at the anode (Fig. 2.2(b)), photogenerated holes are
not efficiently collected and short-circuit current will be reduced. This is one of the
issues in HIT cells [52]. Another issue could arise when a desirable barrier is not
high enough, e.g in Fig. 2.2(b) the electron barrier at anode is not high enough to
sufficiently reduce the dark-current, leading to a lower Vy¢.

The good news is that unlike the aSi/cSi heterojunction, which can only use
amorphous Si, silicon/organic heterojunctions have a virtually unlimited choice in
organics. Leveraging the synthetic variety of organic semiconductors, band-alignment
problems probably could be avoided. As we shall see in later chapters, in order to
demonstrate efficient heterojunction cells, it is extremely important to identify and

remedy band-alignment issues.
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Figure 2.3: (a) Unsatisfied valencies, or “dangling bonds” at a un-passivated silicon
surface. Surface defects cause (b) increased carrier recombination and (c¢) Fermi-level
pinning, preventing modulation of surface energies.

2.3.2 Problem 2: Surface defects

One of the biggest problems at a silicon/organic interface is the presence of midgap
defect states on the silicon surface.

At a pristine silicon surface, the symmetry of the silicon lattice is broken and
some of the valencies of surfaces atoms are unsatisfied - called silicon “dangling”
bonds (Fig. 2.3(a)). Typically the density of dangling bonds at pristine silicon surface

is around 10'* c¢m™2.

Dangling-bonds may cause midgap defect-states at the silicon
surface (Ngefees = 1011-10' cm™?, depending on the surface passivation quality), which

could degrade the device performance by increasing the carrier recombination [65]
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(Fig. 2.3(b)). Furthermore, the large electric field at the Si/metal interface is required
to separate the photogenerated carriers in SOH solar cells. The strength of the field,
and hence the open-circuit voltage, might be affected if the Fermi-level is pinned near
near midgap due to surface-defects (Fig. 2.3(c)).

When an organic is deposited on top of such an “unpassivated” Si surface, two

problems can occur:

1. The organic molecule does not chemically interact with the Si dangling-bonds

and some dangling-bonds remain on the Si/organic interface.

2. Organic molecules do chemically interact with the dangling-bonds, but the or-
ganic deposition is not epitaxial, i.e. organic molecules do not assemble in
an ordered pattern over the underlying silicon lattice. This again leaves some

unsatisfied dangling-bonds at the Si/organic interface.

These interface defects can render the heterojunction useless for photovoltaic ap-
plications. For example, consider a p-type-silicon/organic wide-bandgap heterojunc-
tion designed with a large offset at the conduction band to block electrons from
recombining at the metal anode. If it has a large defect density at the interface that
allows the carriers to recombine, any blocking effect of the heterojunction is nulli-
fied (Fig. 2.4a). Thus it is imperative that the silicon surface at the silicon/organic
interface be well passivated.

One way to reduce the interface defect density is to passivate the silicon dangling
bonds by an intermediate layer, deposited between silicon and organic. In this sili-
con/passivation/organic stack, the passivating layer is deposited first to consume the
dangling bonds at the silicon surface, and then the organic layer is added on top of
the passivating layer to engineer the desired electrical properties of the heterojunction
(Fig. 2.4(b)).

Traditionally, layers of insulators like silicon dioxide or nitride are used to passivate
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Figure 2.4: (a) Unsatisfied valencies, or “dangling bonds” at a unpassivated silicon
surface cause recombination at Si/organic heterojunction. (b) A passivating layer
reduces recombination, and organic layer sets the band-offsets.

silicon. While the performance of these passivating layers is very good (<10 cm2)
[31], these layers are not useful for silicon/organic heterojunctions for two reason.
First, the deposition temperatures are too high (600 - 1000 °C) considering that the
whole point is to reduce thermal budgets. Second, these insulating layers would not
allow low-resistance current transport across the heterojunction [66, 67]. To enable
high-quality silicon/organic heterojunctions, there is a need for a low-temperature
deposited semiconducting passivation scheme.

There have been attempts to passivate the Si surface with more conducting ma-
terials, such as thin-film semiconductors. Omne of the successful examples is the
amorphous-Si/crystalline-Si heterojunction used in the HIT cells (Section 1.6.2).
Another way to passivate the silicon surface is through the use of chemicals, such
as hydrofluoric acid (HF) for hydrogen-passivation [68] and I/alcohol for iodine-
passivation [69], Quinhydrone [70], etc. Using these treatments, very low surface
recombination velocities of <100 cm/s (equivalent to surface defect density of only
~10" cm™) have been previously reported. However, these methods are not stable

enough for use in practical devices.
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Some groups have also attempted to passivate the silicon surface with organic
materials, notably the Si(111) surface with alkyl chain derivatives [71, 72, 73, 74] but
alkyl chains typically are insulating and would block the path of photocurrent. There
are no reports of organic-passivated silicon solar cells.

There is a need for a low-temperature method to passivate the silicon/organic
interface. In this thesis a novel organic-based passivation scheme was developed for

precisely this purpose (Chapter 3).

2.4 Silicon/Organic Heterojunction to Block Mi-
nority Carriers at the Anode

An organic semiconductor that can reduce recombination of minority carriers at the
p-silicon/metal contacts, like the one that blocks electrons at the anode (Fig. 2.5(c)),

needs to satisfy two specific band-alignment criteria:

(a) The LUMO of the organic should be much higher than conduction band edge
of silicon, i.e. there should be a large conduction band offset, so that electrons

are repelled away from the surface,

(b) The HOMO of the organic and valence bands edge of silicon should be aligned,
i.e. there should almost no valence band offset, so that photogenerated holes

can be efficiently extracted at the anode.

As discussed in the previous section, the presence of defects states at the silicon/organic
interface could reduce the efficacy of the blocking effect of the heterojunction. Thus
it is imperative that the silicon surface at the silicon/organic interface be well pas-
sivated. Furthermore there should not be any “Ey/HOMO” offset, otherwise the

photocurrent will be reduced (Fig. 2.5(d)).
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Figure 2.5: (a) Band Diagram of solar cell in which recombination at the metal contact
dominates. The solid lines are desired direction of photogenerated carrier flow and
the dashed line represents dark current, or equivalently the loss mechanism. (b) Solar
cells with a p/p™ back surface field to reduce electron recombination at the anode.
(c) Solar cells with a silicon/organic heterojunction back surface field to reduce the
electron recombination at the anode due to the offset in the conduction band. (d)
A poorly designed heterojunction with an non-zero “Ey/HOMO” offset, so that hole
photocurrent in also blocked.

2.4.1 Closed-Form Expression of Minority Carrier Current

in Heterojunction

To get a qualitative number of how high a surface recombination velocity can be
tolerated, analytical closed-form expressions were used to estimate the effect of non-
zero recombination velocity at the Si/organic interface.

The closed form expression for the electron current in the n-p structure (Fig. 2.5(a))
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in short-base condition is given by (Appendix A.3)

2D
Je,nfp,SB = _qnz—T%P(qu/kT - 1) (21)
P

where, Gp is the p-Si layer Gummel number, D, p is the diffusion coefficient of
electrons in p-Si layer, and V is the applied voltage. For Fig. 2.5(b), the expression

for electron current changes to (Appendix A.4)

n?

Je,n—p—p+,SB - _qu/D b T ZC;’PJF/D i (qu/k‘T - 1) (22)

where, Gp+ is the p* layer Gummel number, D,, p+ is the diffusion coefficient of
electrons in p*-Si layer. Due to the surface field of the p/p* junction the currents in

the n-p-p* diode are lower than than the n-p diode by a factor of

Jevn_p_ervSB _ 1 2 3
Jon-psp 14 GprPnr (2:3)
€,n—p, Dn7P+GP

The current reduction achieved with a 1-pm thick 10*°-cm™ doped p-p* junction layer

on 10'% cm™ p-type substrate of 200 pm thick

Je,nfpfpﬂSB 1
Je,n—p,SB 76
For the device with an electron-blocking heterojunction as back-surface field (Fig. 2.5(c)),
the analysis is more involved (Appendix A.5), but for a short-base diode with surface
recombination velocity at the Si/organic interface (Ss;org) and a conduction band

offest (AE(¢), the expression for the electron current is given by (A.54)

1
ﬁ (qu/kT — 1) (24)

L+ g
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Figure 2.6: Electron component of Jy of a n-p Si diode with a Si/organic hetero-
junction BSF as a function of (a) conduction-band offset and (b) Si/organic interface
recombination velocity. The substrate is 200 pm thick 10¢ cm™ doped p-type wafer.
For reference the Jj of a typical p-p™ back surface field (1 pm thick 10, sm™ doped)
is also given. The heterojunction is very insensitive to barrier heights (for SRV >1
cm/s) but very sensitive to surface recombination velocity.

where
Dn,org NC,org AEC
| T e (S5 + s
5= " 2.5)
Ln,’P

N¢,p and N¢ o4 are the conduction band density of states for the silicon and organic
layer, respectively. In all calculations it is assumed that N¢p = Ne org = 10 em™.
Compared to a short-base diode without any back-surface field, the current re-

duction achieved by the heterojunction surface field is:

Jn,nfpforg,SB o

1
2.6
Jn,nfp,SB 1 + Ln,P ( )

BV

The plots of currents in a diode with heterojunction BSF as function of conduction
band offset and surface recombination velocity, as predicted by (2.4), are given in

Fig. 2.6. Due to negative exponential dependence of current on AFEq, the current
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is very insensitive to changes in AFE¢ if Sy 0y >1. In terms of device design this
indicates that to increase the performance of a heterojunction back-surface field, it
less important to increase the band-offsets and more important to achieve low surface
recombination velocity at the Si/organic interface.

By comparing currents in a heterojunction back-surface field with currents in a
typical homojunction back-surface field (1 pm thick 101, sm™ p-type doped), it can
be seen that the heterojunction surface field outperforms homojunction surface fields
only when the surface recombination velocity at Si/organic interface is below 20 cm/s
- a very low number (Fig.. 2.6). This highlights both the importance of passiva-
tion and the technical challenge of fabricating a minority carrier-blocking Si/organic

heterojunction.

2.5 Silicon/Organic Heterojunction to Block Ma-
jority Carriers at Anode

One of the simplest low-temperature replacements for p-n homojunction, for creating
an electric field to separate electrons and holes, is the “Schottky” junction. For
solar cells made on n-type silicon, the Schottky diode is fabricated by depositing
a metal with high work-function (palladium, gold, platinum, etc) on silicon. The
Schottky junction, too, has a built-in electric field which can separate electrons and
holes, generating a high photocurrent (Fig. 2.7(b)). However, Schottky junctions
are not used in solar cells because the silicon/metal barrier is not as effective, as
a p-n junction, in blocking the majority carrier current. Consequently, the Jy of a
Schottky device is much higher (>10" A/cm?) [32, 75] and the open-circuit voltage
of a Schottky device is much lower (only ~ 0.3 V) than a p-n junction [76].

The addition of an electron-blocking silicon/organic heterojunction can reduce

the flow of electrons from silicon to anode, dramatically improving the photovoltaic
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Figure 2.7: Band diagram of a (a) p-n junction and (b) Si/metal Schottky solar cell.
The solid lines are desired direction of generated carrier flow and the dashed line
represents dark current, or equivalently the loss mechanism. (c¢) An electron-blocking
silicon/organic heterojunction with lower Jy than Schottky junction. (d) A poorly
designed heteojunction with an non-zero “Ey/HOMO” offset, so that photocurrent
in also blocked.

performance of the Schottky barrier device (Fig. 2.7(c)). Just as in Section 2.4, the
organic semiconductor should have a wider energy-gap than silicon (1.1 eV) and the
LUMO of the organic should be much above the conduction band minimum (E¢) of Si.
This “E¢ vs. LUMO?” offset reduces the flow of electrons from silicon to anode, leading
to a lower Jy and hence a larger V. However, to maintain the short-circuit current,
the organic layer must not block the photogenerated holes traveling from silicon to
anode (Fig. 2.7(d), illustrates the counter example). So the hole barrier, given by the
“Ev vs. HOMO?” offset, should be very small, i.e. the HOMO of the organic should
also be very close to valence band maximum (Ey) of the silicon. Finally, to minimize

resistive losses, the hole mobility of the organic layer should also be reasonably high.
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Due to the lower density of states, large band tails and wide energy-gap, the
concept of Fermi-level in an undoped organic is ill-defined [|. To a first order, the
strength of the built-in field in silicon is decided by the difference in work-functions
of silicon and top-metal. One way to think about the role of organic is as an undoped
thin-layer of semiconductor sandwiched between two doped materials, metal on one
side and silicon on the other. In such a scenario, the selection of metal is very
important, e.g. to set a built-in field in a heterojunction on n-type silicon the anode

work function needs to be high (metals such as Pd, Au, Pt, etc).

2.5.1 Closed-Form Expression of Majority Carrier Current

in Heterojunction

Quantitatively, how much more effective is the electron barrier at the Si/organic het-
erojunction in blocking electrons in silicon from reaching the metal anode in forward-
bias (as in Fig. 2.7(c))? The answer is, a lot. As the closed form expressions de-
rived in the next subsection will show, compared to the p-n junction and Schottky
diode devices (Fig. (a)-(b)), electron currents are lower in the heterojunction diode
(Fig. 2.7(c)) by several orders of magnitude.

For a p*-n junction (Fig. 2.7(a)), the electron current going from n-Si to anode

in Forward-bias is given as

2
°D,,
DnPE (VKT _ ) (2.7)

Jn,p—n =
P+

where, D,, p+ is the electron diffusion coefficient in p*-Si layer, and Gp+ is the Gum-
mel number of the p*-Si layer.

An analytically-derived expressions for electron current in Schottky-barriers is
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given in Appendix A.6. For a general Schottky junction diode (Fig. 2.7(b))

qNC siSmetal Q¢bn V/kT
Jnsifmea = : - av/ -1 2.8
, tal 1t Z’jtgl [exp < LT )} (6 ) ( )

where N¢ 4 is the conduction band density of states in silicon, 7" is the temperature,
k is the Boltzmann constant, V' is the applied voltage, ¢y, is the metal-silicon barrier
height. sp,ctq and sgepg; are the effective surface recombination velocities associated
with the Si/metal interface and the transport of electrons from the edge of depletion

region in silicon to the Si/organic interface, respectively.

A*T?

Smetal = (29)
qN¢
Dn st

SdepSi = q]{ﬂ:' & (210)

where & is electric field in Si at the interface. At 300°K, Syerar ~ 9%10% cm/s. For
a Schottky diode fabricated on 10'® doped wafer with ¢, = 0.9 eV, SdepSi ~3X 107

cm/s at a 0.5 V forward bias. Since Sgepsi >Smetar, the current equation reduces to

Jn,si—metal ~ qNC,siSmetal |FXp (_%)} (qu/kT - 1) (211)

Comparing the current from the Schottky junction diode with electron current of

the p™-n junction diodes,

Jn si—metal NC’ sismetalGP+ qubn
, _ Ne, _ 2.12
Tnpn Dupinty, | P\TRT (2.12)
> 10000 (2.13)

the currents in Schottky diodes are higher by a factor of more than 10000, even with
a relatively large Si/metal barrier of 0.9 eV. The calculation assumes G p+=10" cm™

and D, ,+=2 cm?/s (1 pm thick 10" cm™ doped p™ layer), which are usual values in
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practical solar cells. Therefore, the Si/metal device is never used in solar cell.
For the Si/organic/metal device (Fig. 2.7(c)) the expression for current in the

Schottky diode (A.64) can be generalized to

qNC’,or Ssior qubnor
Jn,si—organic—metal - Tgsioorgg |:6Xp (—Wg)} (qu/kT — 1) (2.14)
epOrg

where N¢ org is the conduction band density of states in organic, @pnerg is the metal-
organic barrier height. sgorg and sgepg; are the effective surface recombination veloc-
ities associated with the Si/organic interface and the transport of electrons from the
edge of depletion region in silicon to the Si/metal interface, respectively.

Assume that the electric field induced in silicon is simply a function of the metal
work function, so that the values of £ and $4ps; remain the same (~ 10° cm/s) for
the Si/metal and the Si/organic/metal devices. This is reasonable assumption for
very thin organic layers. On the other hand, Sgiorg < Smetar, because no matter how
unpassivated the Si/organic interface is, it can’t be worse than Si/metal interface.

Usually sg0r¢ is less than 10? cm/s. So
Ssiorg << Sdepsi (215)

and the expression for current reduced to

qPonor
Jn,siforgamcfmetal = qNC,m"gSsiorg |:eXp <—%>:| (qu/kT _ 1) (216)

Compared to the p*-n junction (assuming Gp+=10"" cm™? and D, ,+=2 cm?/s),

the electron current reduction achieved by the heterojunction with a barrier (¢puorg)
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of 2 eV, Sgiorg 0f 1000 cm/s and Ng org of 101 cm™ is

Jn si—organic—metal NC orgssim"gC:P+ Q¢bnorg
- = ’ — 2.17
Topn DypenZ, | P\ kT (2.17)
<1077 (2.18)

This is a very low number for electron current that probably will never be measured
in practice. However, the basic point stands - the barrier height at the Si/organic
heterojunction is so large (~ 2 eV) that reductions achieved in the majority car-
rier current in Si/organic heterojunctions are much larger than current reductions
achieved with either Schottky or p-n junction diodes. One assumption implicit in
this analysis, is that the there exists a large depletion region in silicon. If the Fermi
level in silicon is pinned at a lower level than what is implied by the barrier height,
due to the Si/organic surface defects, the reduction in the electron current will be
lower.

Finally, a crucial difference between the heterojunction presented here and the
one presented in the last section (Section 2.4) needs to be clarified. While both block
electrons, there are subtle differences. First, the minority-carrier blocker improves
the performance of solar cells, but on its own cannot generate photocurrent. The
majority carrier blocker of this section, however, can form a complete solar cell on
its own. Second, the minority-carrier blocking heterojunction of previous section
is more susceptible to surface recombination at the Si/organic interface, and hence
is a tougher problem to solve (See Fig. 2.6b). This was hinted by the closed form
expressions in the two cases, where it was noted that while the minority-carrier current
through the minority-carrier blocker is strongly affected by the surface recombination
velocity (Ssiorg) but is mostly independent of band-offsets at the Si/organic interface,
the majority-carrier current through the majority-carrier blocker is overwhelmingly

decided by the barrier height (¢pnerg) and only weakly dependent on the surface
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recombination velocity of the Si/organic interface.

2.6 Conclusion

In the absence of a crystalline wide-bandgap heterojunction for silicon, silicon/organic
heterojunctions are useful for a range of applications: from sensors to solar cells.
Such hybrid devices are expected to have both performance and cost advantages over
homojunction devices, but some critical challenges need to be identified and solved
first. In this chapter we identified two of the critical issues and presented designs of
two heterojunctions that are useful for Si/organic hybrid solar cells.

The first critical issue is designing the band-offsets at the Si/organic interface.
Poorly designed band-offsets at the silicon/organic interface can reduce the photocur-
rent, negating any advantage of lower recombination. A second, and potentially bigger
issue, in integrating the amorphous organic layers on crystalline silicon, are interface
defects due to silicon dangling bonds. The surface defects increase recombination
and pin the Fermi-level, both of which degrade device performance. The established
methods/layers to passivate the surface defects are not useful for heterojunctions,
either due to their high resistance or lack of long-term stability. There is a need for
a new passivation scheme for crystalline silicon where the passivating layer can be
deposited at low-temperatures and is not insulating.

Two heterojunction designs have been presented that can be used to fabricate
low-cost and efficient hybrid solar cells. The first heterojunction blocks the minority
carriers from recombining at the Si/anode contact and the second blocks majority
carriers from reaching the Si/anode contact under forward-bias. Analytical expres-
sions derived from first principles prove that heterojunctions can be used to improve
the performance of conventional homojunction solar cells. It is envisioned that these

two heterojunctions can be integrated on the opposite sides of a single device to make
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efficient room-temperature processed silicon solar cells.
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Chapter 3

Silicon Surface Passivation by

9,10-Phenanthrenequinone

3.1 Introduction

One of the critical challenges of silicon/organic interfaces is the presence of midgap
defects due to silicon dangling-bonds. In this chapter, a novel organic-based passi-
vation scheme for the silicon (100) surface is presented. The passivation precursor is
a cheap and easily available organic small molecule, 9,10-phenanthrenequinone (PQ)
(Fig. 3.4) [77, 13, 12, 14]. Passivation is achieved by thermally evaporating a thin
layer of PQ on to silicon. During deposition, the silicon is maintained at room-
temperature. Once passivated by PQ, further organic layers can be deposited on top
of silicon to form a silicon/organic heterojunction.

Minority carrier lifetime measurements show surface defect densities of only ~10!
cm ™2 at the PQ-silicon interface, rivaling the electronic quality of silicon-dioxide passi-
vated Si surfaces. X-ray Photoelectron Spectroscopy (XPS) measurements show that
PQ passivates the surface by reacting with the surface silicon atoms by a cycloaddition

“redox” process. The measured band-bending at both n and p-type PQ-passivated
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silicon surfaces is lower than band-bending at hydrogen passivated silicon surface,
presumably because PQ consumes the silicon dangling bonds which are responsible
for surface defects. Ultra-violet and inverse photoelectron spectroscopy (UPS, IPES)
are used to investigate band alignment at the PQ-silicon interface for both p- and
n-type silicon, which is important to understand charge transport properties of the
interface. Further, measurements of metal-insulator-PQ-silicon devices prove that the
Fermi-level at the PQ-passivated silicon surface is not “pinned” and can be modulated
over a wide energy range. Overall we infer that the silicon/PQ interface is remarkably
“ideal” - free from electrically active interface defects and Fermi-level pinning - and
can be used in hybrid devices as a passivating intermediate layer between silicon and
organic semiconductors.

The surface science measurements in this chapter (XPS, UPS, and IPES) were

made in collaboration with Dr. Yabing Qi of Prof. Kahn’s research lab.

3.2 Comparison with Other Passivation Schemes

Other groups have attempted to passivate the silicon surface with organic materials,
notably with alkyl chains derivatives|71, 72]. The work here differs in several critical
aspects. First, a very high degree of electronic perfection (defect density of only ~ 10!
cm™) has been achieved on the silicon surface with an organic molecule, permitting
Fermi-level modulation. Second, alkyl chains are inherently insulating, while PQ
maintains aromaticity after bonding to the silicon surface. This should enable efficient
charge transport across the organic-silicon interface, which is important for devices
such solar cells and bipolar transistors. Third, while most of the previous work has
focused on the Si (111) surface, we demonstrate excellent passivation of the silicon
(100) surface, which is more commonly used in conventional silicon technology.

Ultra-thin oxides, that allow carriers to tunnel through, can also be used to obtain

46



a passivated and conducting Si surface. However, the resistive losses in these devices
are known to be high [67].

Another way to passivate the silicon surface is through use of chemicals, such as
hydrofluoric acid (HF) [68] and I5/alcohol [69], quinhydrone [70], etc, which passivate
the silicon surface by forming Si-H, Si-I, bond, etc. Using these treatments, very low
surface recombination velocities of <100 cm/s (equivalent to surface defect density of
only 10! cm™) have been previously reported. In this project experiments were con-
ducted to passivate silicon using these schemes but the results were not encouraging
due to poor stability of the passivation (for both H- and I-passivation) and concerns

about compatibility of organic and passivating layer (in the case of Iy-passivation).

3.3 Materials and Equipment

PQ and iodine were purchased from Sigma Aldrich at the highest available purity
(typically >99%) and used as is. CMOS grade chemicals from JT Baker were used
for wafer cleaning.

Prior to passivation, the silicon (100) wafers were first cleaned by rinsing with
acetone, methanol and 2-propanol in an ultrasonic bath for 10 minutes each. Next,
trace organic contaminants were removed by the SC-1 step of the standard RCA
clean : ammonium hydroxide + hydrogen peroxide + DI water (1:1:5) at 80 °C for
15 minutes then rinse [78]. This was followed by 1:100 hydrofluoric acid for 1 min
to remove the native-oxide. Finally trace metal contaminants were removed with the
SC-2 step of the RCA clean: hydrogen chloride + hydrogen peroxide + DI water
(1:1:5) at 80 °C for 15 minutes then rinse [78]. Instead of the two-step RCA clean,
sometimes a single step Piranha clean was used: Sulfuric Acid + hydrogen peroxide
(1:4) at 80 °C for 15 minutes then rinse [78]. Lastly, the wafers were dipped in a 1:100

aqueous hydrofluoric acid solution for 1 min to strip the native oxide layer. The

47



resulting hydrogen-passivated Si wafers were then passivated by one of the methods
mentioned in later sections. No specific measures were undertaken to de-oxygenate
the cleaning solutions.

Minority carrier recombination lifetimes were measured by the quasi-steady-state
photoconductance (QSSPC) method using a commercial instrument (WCT-120) man-
ufactured by Sinton Consulting, Boulder, CO [79]. All the spectroscopic analyses
was done in Prof. Kahn’s lab in a separate ultra-high vacuum (UHV) chamber (base
pressure <2x 1071 Torr). During transport to the UHV chamber, test samples were
exposed to air for no more than 5 minutes. Electrical measurements of devices were

done using the 4155B semiconductor parameter analyzer and HP 4175 LCR meter.

3.4 Minority Carrier Lifetime Measurement

The rate at which minority-carriers recombine is an excellent measure of the electrical
quality of a semiconductor surface. As mentioned before, midgap defects due to
the dangling bonds at a semiconductor surface act as minority-carrier recombination
centers. Moreover these defects may carry charge, causing the bands near the surface
to bend towards the mid-gap. The resulting electric field at the surface attracts even
more minority-carriers, exponentially increasing the rate of carrier recombination [80].

The minority carrier recombination rate is characterized by a recombination life-

time (7,) which, in low-level injection, depends on the recombination rate (U) and

/
min

excess minority-carrier density (n/ . ) as

U= —mn (3.1)
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3.4.1 Effect of Surface Recombination

In a semiconductor with no surface defects, recombination only proceeds via the bulk
defects. The measured (or effective) recombination lifetime (7.7¢) is simply the bulk

recombination lifetime (Tpy1 ).

Lo (3.2)

Teff Thulk

As the density of electrically-active defects at the surface increases, additional minority-
carriers are lost to surface recombination. This increase in carrier recombination rate

is observed as a decrease in the effective minority-carrier lifetime [81].

1 1 1
S (3.3)

Teff Tohulk Tsurface

where Ty face is the lifetime associated with surface recombination. How much the
effective lifetime (7.7s) differs from the bulk value (7p,1), gives a qualitative estimate

of the surface quality.

3.4.2 Quasi Steady-State Photoconductance Decay

Photoconductance decay (PCD) is a class of methods that measure minority-carrier
recombination which can be made without making electrical contact to a semicon-
ductor. This allows characterization of recombination properties in a system without
the need to fabricate full devices with metal contacts. In this project, minority-
carrier recombination lifetimes were measured using the WCT-120 system from Sinton
Consulting, an instrument based on the Quasi-steady-state photoconductance decay
(QSSPCD) method [79].

The quasi-steady-state PCD is a specific type of PCD experiment, in which the
light source used has a slow decay rate (5-10 ms). If the lifetime of the samples

being measured is smaller than the decay rate of the light source, which is usually
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Figure 3.1: (a) The instrument schematic showing the main components, the light
source, inductively coupled conductivity meter, and the silicon wafer to be tested.
(b) Typical input and output waveforms in WCT120. The flash generated a slowly
(5-10 ms) decaying light pulse. In response carriers are generated in silicon and the
measured conductivity goes up. The rate of decay given the measure of recombination
lifetime.

the case for wafers with recombination lifetime of less 1 ps, then at every point of the
experiment the system can be assumed to be in quasi-equilibrium (hence the quasi
steady state) [79].

The WCT-120 consists of a camera flash with a Xe bulb suspended over a sen-
sor that is tuned to inductively measure the conductivity of a silicon wafer kept
(Fig. 3.1(a)). The sensor is approximately an inch in diameter, so area-averaged
value of lifetime is measured. To make a measurement, the silicon wafer is first placed
over the sensor. The computer-controlled flash is then triggered. A calibrated diode
measures the intensity of the light from the flash as a function of time, from which
a photogeneration rate in silicon is calculated (Gy, in cm™). The intense light from
the Xe-flash (30-50 Suns) creates excess carriers in the silicon. These excess carriers
cause a transient increase in the conductivity of the silicon (Fig. (b)). The measure-
ment system records the change in the conductivity using an inductor placed below
the sample, which is converted into a time dependent average excess minority-carrier

density (Ang, in cm™®). As the generated carriers recombine, the excess carrier den-
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sity falls back to its equilibrium value. Lifetime is extracted from the rate of change
of the minority-carrier density and the photogeneration rate, using the generalized

steady-state analysis [82]

dAng,(t) Ang,(t)
dt N G(w(t) Teff(Anav)
Ang,(t
= Teff = n(w( ) (3-4>

Gav (t) — e (t)

dt

Detailed derivation is discussed in Appendix B.

3.4.3 Relation Between s and 7y, f4cc

Surface recombination is more usefully described in terms of the surface recombination
velocity (SRV, s in cm/s) because it has direct relation with the surface defect density.
For a neutral surface, i.e. in absence of band-bending, SRV relates to the surface
defects density (N;) as

S = UthO'Nt (35)

where vy, is the carrier thermal velocity and o is the defect capture cross-section
[81, 80]. Surface defects can act as minority-carrier recombination centers with re-

combination rate U (in cm™s™) and for p-type substrates
U=sn, (3.6)

where n/ is the excess minority-carrier density at the surface.

min,s
Without any illumination (no photogeneration, G = 0), a silicon wafer with thick-
ness ¢t and surface recombination only at top surface (SRV s at top and zero at the

bottom surface), as shown in Fig. 3.2, has a Ty, fece that satisfies

Tsurface = m (37)
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Figure 3.2: The effect of surface recombination on the measured effective minority-
carrier recombination Surface recombination is assumed on only one side of the wafer.

where D, is the minority-carrier diffusion coefficient and  satisfies the transcendental

equation
5

tan (ft) = D, (3.8)

In the limit of high and low surface recombination

4¢2 t
& Tsurface\S — 0) =- 3.9
f

Tsurface(s — OO) - 7T2Dn s

The derivation for these equations and others common cases are discussed in detail
in Appendix B.

When there is photogeneration (G #0), the equations get more complicated. In
the general case, the lifetime and SRV can be calculated from the excess minority

carrier density (An(z,t)), using [82]

Ang,(t) 1 1
—_— = — A — A 1
Ts(An(w) stmm n((), t) -+ WSback n(VV, t) (3 0)
where,
1w
Ang,(t) = — An(z,t)dz (3.11)
W Jo
1 W
Gu(t) = — G(z,t)dx (3.12)

(3.13)
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S front ad Speer are recombination velocities at front and back surfaces, respectively.
W is the wafer thickness. To rigorously extract the recombination velocities § fyon: and
Spack from the 7.¢r, the exact values of excess minority-carriers at the boundaries are
needed, something that cannot be extracted from the data analytically. A method to

numerically solve these equations given a light spectrum is discussed in Appendix B.

3.5 Silicon Surface Passivation by Wet Chemicals

Two wet chemical passivation methodologies were tested: hydrogen passivation [68]
and iodine/methanol passivation [69]. The last step of the cleaning procedure, de-
scribed in Section 3.3, already yields a hydrogen-passivated silicon surface. For Is-
passivation, the hydrogen-passivated samples were dipped in a 0.0005 M solution of

I in methanol for 1 minute, followed by a propanol-2 rinse.

15 SC-2 Clean
HF Dip
Measure Lifetime
214 §C2 Clean R S SN .
HF Dip 550 L v\/4 ttl:ne clean: | /Methanol
Measure Lifetime /‘g\_ 5\ o time cleans HE |
1 = 200} , 1
3" SC-2 Clean 0} |
HF Dip £
8 1907 3" time clean: HF |
Toaarir H 3 O 8
Measure Lifetime 5 19N §.\’_'~'Ime clean: |
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o/ Methano S /With native oxide ]
Measure Lifetime E S0 i 7 ]
5t §C-2 Clean 5 1 time clean: HF, .
HF Dip 0 4 8 12 16
Measure Lifetime Time (min)
(a) (b)

Figure 3.3: (a) The process flow of the experiment to characterize the H- and Is-
passivation schemes. (b) The evolution of carrier lifetime with time for different
process steps.

To test the passivation quality, stability and repeatability of the H- and Io-

93



passivation schemes, a high-lifetime unintentionally-doped p-type FZ Si (100) wafer
(resistivity >10 k2em) was repeatedly cleaned using the SC-2 step of the RCA pro-
cedure and passivated using either hydrogen or Iy (Fig. 3.3(a)). The carrier lifetime
of the passivated wafer was measured in air multiple times after each cleaning steps
so as to chart the evolution of passivation quality over time (Fig. 3.3(b)). From the

data we can draw the following conclusions:
1. Both passivation schemes passivate the silicon (100) surface.

2. However, neither of the passivation schemes is stable in air for more than 10-
20 minutes. Over time the lifetime starts reverting back towards the baseline
value of 53 ps - the lifetime measured for unpassivated wafers with native oxide.
Since this is too short a time for photovoltaic operation, alternative passivation

schemes will be required for silicon/organic heterojunction solar cells.

3. The rate of degradation is the almost same in both schemes, but at least in this
run Ir-passivation gave higher lifetimes, i.e. I, passivates silicon better than

hydrogen.

4. The lifetime of a new wafer taken right out of the box is substantially lower than
the what is measured from the second clean onwards, e.g. The lifetime after 1°°
cleaning was only 50 ps, but after 5th cleaning step it was 250 ps. Arguably
this is due to sawing and polishing damage that is always present on polished
wafers. Once the top few nm of the silicon are consumed, due to successive
oxidation and etching steps of the RCA clean, the surface damage is removed

and higher lifetimes are achieved.
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3.6 Silicon Surface Passivation by 9-10 Phenan-
threnequinone

9-10-Phenanthrenequinone (PQ) is a cheap and readily available organic small molecule
that can be deposited on silicon by thermal evaporation. We investigated PQ on the
suggestion of Prof. Jeff Schwartz of the Department of Chemistry. The interaction
between PQ (Fig. 3.4) and a [2x1] reconstructed silicon (100) surface (with silicon
dimers) has been previously studied using spectroscopy and scanning tunneling mi-
croscopy [77]. In the study, the authors concluded that a) PQ reacts with the silicon
(100) surface and b) the packing density of PQ on the silicon surface is high c) the
reaction between P(Q and Si maintains the m-conjugation, and hence the semicon-
ducting property, of the PQ molecule - desirable properties for a passivating layer.
No macro-scale lifetime or devices were tested which show electrical passivation but

the study is interesting and inspired this work.

(o) (o)

Figure 3.4: 9,10-phenanthrenequinone (PQ), the surface passivation precursor.

3.6.1 Method

The cleaned hydrogen-passivated samples were loaded into the vacuum chamber in
room C405A (Angstrom Evaporator) and the chamber was pumped to the base pres-
sure of 5x 1077 Torr. Pumping times were typically 1.5 to 2 hrs. Inside the chamber,
the silicon surface was exposed to ~30 Langmuirs (1 Langmuir=10"% Torr-s) of ther-
mally evaporated PQ vapor (vapor pressure ~5x10® Torr), to give an estimated

thickness of 10 nm. The dosage was calculated by multiplying the excess pressure
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(evaporation pressure - base pressure) by the time of deposition. The thickness was
estimated using a quartz crystal microbalance which was pre-calibrated by measuring
a thicker 50-nm PQ film with a surface profilometer. However, even at room temper-
ature P(Q) seems to evaporate off the silicon surface -the thickness of a PQ film stored
in the evaporation chamber starts reducing - so the calibration is not expected to be
exact. Tantalum boats were used to deposit PQ. The reaction between Si and PQ
does not seem instantaneous (detailed discussion in Chapter 6), requiring hours to
reach completion. Therefore after PQ deposition, samples were typically left in the

chamber (under vacuum) for several hours before unloading.

3.6.2 Surface Recombination at the Si/PQ Surface

To test if PQ indeed passivates the silicon surface, the recombination lifetimes of p-
and n-type PQ-coated Si wafers were measured by QSSPCD.

Measurements were taken on a 15 Q-cm p-type boron-doped silicon (100) wafer
with three different surface treatments; oxide, native-oxide, and PQ-passivated (Fig. 3.5(a)).
With a coating of high-quality thermal oxide, grown at 1050 °C , a lifetime of 107 us
(‘oxide’) was measured at a minority-carrier density of 10'* ¢m™ (Table 3.1). Next,
the oxide at the top surface was etched away and a native-oxide was allowed to form
on the exposed silicon surface. The native-oxide/silicon interface is known to have
a very high defect density, and hence the lifetime dropped to 12 ps (‘native-oxide’).
Finally, after etching away the native oxide, PQ was deposited on the bare silicon sur-
face and the measured lifetime recovered to 78 ps (‘PQ-passivated’). Similar results
were also obtained for 3 €2-cm phosphorus-doped silicon wafer at a minority-carrier
density of 10" cm™ (Fig. 3.5(e)). The lifetimes measured for thermal-oxide, native-
oxide and PQ-passivated n-Si surfaces were 192, 26 and 122 s, respectively. In both
cases, the lifetimes of PQ-passivated and thermal oxide coated wafers are comparable,

demonstrating the passivation quality of PQ (Table 3.1).
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Figure 3.5: (a) The same test structure measured with three different surface treat-
ments; thermal-oxide passivated , PQ-passivated, and unpassivated. Data output of
the QSSPCD experiment for (b) p-Si and (c) n-Si samples. Effective Lifetime vs.
minority-carrier density for (d) p-type and (e) n-type CZ silicon (100) wafer.
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For a quantitative estimation of the surface defect density, the lifetime data was
further analyzed in terms of surface recombination velocity. Hidden in the lifetime
numbers are five unknown parameters: the bulk lifetime (73,;), the thermal-oxide
SRV at top (polished) surface (Soy front), the thermal-oxide SRV at back (rough)
surface (Sozpack), the PQ SRV at top surface (spg), and the native-oxide at top
surface (Spo, front). Assuming negligible band-bending, these five parameters can be
calculated from 7.¢¢ using the generalized QSSPCD analysis (Eq. (3.10)). Details
about the calculations are explained in Appendix B.

The calculated values of bulk lifetime for p and n-type silicon substrates were
122 and 252 ps, respectively. It is well-known that high-quality thermal-oxide/silicon
interfaces are almost defect-free and hence very low SRV, less than 30 cm/s, were
extracted for both type of substrates (Table 3.1). For the PQ-passivated p-type
and n-type wafers recombination velocities of 145 and 133 cm/s, respectively, were
calculated . In contrast, at the ‘native’ silicon surfaces, SRV of 4804 cm/s and 2014
cm/s are calculated for p and n-type substrates, respectively. Since PQ is deposited at
low temperatures (< 100 °C), we can assume that 7, remains unchanged for all the
three surface treatments. Hence, any change in 7.¢s is exclusively due to differences
in 74, which is directly affected by the surface defect density.

Assuming a thermal velocity of 107 ¢cm/s and a capture cross-section of ~ 10716
cm?, we estimate the defect density to be ~ 10* cm? for PQ-passivated surfaces; i.e.,
only 1 in 10,000 silicon atoms is unpassivated.

Finally, a note on stability and passivation procedure. It was observed that the
quality of passivation varied from sample to sample. Preliminary studies were done
to identify the factors that affect the quality and stability of PQ-passivated surfaces,
some of which have been detailed in Chapter 6. However, the reasons for the observed

variations are still unknown.
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Table 3.1: The measured minority-carrier recombination lifetimes in silicon at a
minority-carrier density of 10® ecm™ and extracted surface recombination velocity
(SRV) [82] in p and n-type substrates. The three conditions represent different sur-
face treatments; passivated with a high-quality thermal oxide, unpassivated (native
oxide), and PQ-passivated.

Teff at carrier density of 10 ecm™ (ps) SRV (cm/s)
Oxide Native Oxide PQ-passivated Oxide Native Oxide PQ-passivated
p-type 107 12 78 9 4804 145
n-type 192 26 122 26 2014 133
(0] (o] O\ /O
Si=Si Si—Si
Si substrate Si substrate

Figure 3.6: The proposed reaction between P(Q and reconstructed silicon (100) sur-
face with silicon dimers [77]. The reaction consumes the dimer while preserving the
aromatic m-conjugation of PQ.

3.6.3 Spectroscopic Analysis of the Si/PQ Interface
Previous Study of Silicon/PQ Interaction

Under certain high temperature annealing conditions, the silicon (100) surface under-
goes a [2x 1] reconstruction to form rows of silicon “dimers” [83]. Each dimer consists
of a Si-Si bond, with strong ¢ and weak 7 character [83, 84]. This gives the dimer a
chemical behavior analogous to that of a C-C double bond, and it can participate in
a [4+2] cycloaddition (Diels-Alder-like reaction) with conjugated dienes [85].

A similar heteroatomic [4+2] cycloaddition reaction was previously suggested be-
tween the carbonyl carbons (C=0) of PQ and the silicon dimers on the silicon (100)
surface (Fig. 3.6) [77]. In this reaction the Si atoms are formally oxidized, and the

PQ is formally reduced to a 9,10-dihydroxyphenanthrene adduct. Interestingly, the
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m-electron conjugation of PQ, and hence its semiconducting property, is maintained

in the reaction.

X-ray Photoelectron Spectroscopy (XPS)

Our work does not use a high temperature anneal prior to PQ deposition, so a [2x1]
reconstructed surface is not expected. Instead we start with an ill-defined hydrogen-
passivated silicon (100) surface [78, 86]. To investigate the bonding between this
surface and P(Q, we measured the XPS spectra of the C 1s and Si 2p core levels using
the Al Ka line (1486.6 eV).

For the experiment, first a 10nm thin layer of PQ was deposited using Angstrom
Evaporator in C405. Passivated samples were then transported in air to the UHV
system in Prof. Kahn’s lab. Typically samples were to no more than a 5 minutes in
air during the transport.

The C 1s spectrum of PQ-passivated p-type silicon (<0.005 €2 ¢cm), shown in Fig.
3.7 (solid line), can be decomposed into two components (dash-dot curves). The
first peak at 284.7 eV is usually a signature of simple aromatic carbon atoms and
can be attributed to the peripheral aromatic rings of PQ [77]. However, the binding
energy of the second peak at 286.2 eV, is significantly lower than the 287.7—289.3 eV
range typically associated with carbonyl group carbon atoms [77] and is in the range
reported for typical phenolic carbons [87]. The shift in the binding energy of this
second peak indicates that while the aromatic rings are intact, the carbonyl groups
of PQ at the Si/PQ interface have been strongly modified by interacting with the
underlying silicon surface. There are 12 aromatic and 2 carbonyl carbon atoms in
the starting PQ molecule, so the aromatic carbon signal is expected to be six times
(12/2) stronger than the carbonyl carbon signal (If we make the simplistic assumption
that silicon is covered with a uniform monolayer of PQ). This compares well with the

measured signal strength ratio (the area under the peaks) of 5.2:1 of the Si-bound
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Figure 3.7: C 1s XPS spectrum for PQ-passivated highly-doped p-type silicon (100)
surfaces. The data (black line) can be further resolved into 2 distinct peaks (dash-
dot) at 284.7 eV and 286.2 eV. These peaks correspond to the binding energies of the
aromatic C (C=C) and the phenolic-like (C=0) species of the bound PQ molecule,
supporting the mechanism proposed in Fig. 3.4

species. All these results are congruent with the proposed cyclo-addition mechanism
where the silicon atoms react exclusively with carbonyl groups of PQ (Fig. 3.4b)
making them more phenoxy-like (Fig. 3.8).

The role of hydrogen that was initially attached to silicon is not clear. We suspect
that the hydrogen breaks off from silicon and reduces the nearby C=C (note the
difference in the final adduct of Fig. 3.6 and Fig. 3.8, the middle ring is not aromatic

in the latter figure), but there is no evidence in support of or against the interaction.

While the exact structure of the underlying silicon surface is not known, any
unreacted silicon valencies(“dangling” bonds) may lead to midgap defect states at
the silicon surface. These states may carry charge, causing the bands at the surface
to bend towards midgap. The amount of this surface band-bending (AEgg) can be
inferred from the position of the Si 2p peak in the XPS spectrum using the technique

developed by Kraut et al. [88]. Note that the probing depth of XPS is deep enough
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Figure 3.8: The reaction between 9,10-Phenanthrenequinone (PQ), the surface passi-
vation precursor, and silicon as supported by the C 1s XPS results of Fig. 3.7. Unlike
the reaction proposed by Fang et al. [77], we start with a ill-defined Si-H surface.

to allow measurement of the substrate Si 2p core level through the 10-nm-thick PQ
layer [89]. Also the bulk of the Si 2p signal comes from the top few Si layers (4-6
layers corresponding to a depth of ~ 2-3 nm), where the band position is basically
the same (£ 10-20 meV) as at the very surface of the Si crystal.

We have previously measured the Si 2p peak to be 98.9 + 0.1 eV below the Fermi-
level (Ex) for a highly-doped p-type silicon wafers (p*, doping > 10*cm™3), known
to have flat bands at the surface (AEgp = 0). Similar values of Si 2p binding energy
have been reported previously [90]. In comparison, for a p™ wafer that was cleaned
and hydrogen-passivated as described above (but not PQ-passivated), the Si 2p peak
was measured at 99.4 £ 0.1 eV below the Fermi-level (Fig. 3.9, top curve). This
corresponds to a downward surface band-bending of 0.5 eV, presumably due to a
large density of positively charged donor-like surface defects (AEgp =0.5 eV). The
presence of such defects at the hydrogen-passivated surface is not unexpected, as the
“Imperfection” of a wet-cleaned silicon (100) surface has been previously reported
(78, 86].

PQ deposition reduces the amount of band-bending. A highly-doped p-type wafer
onto which PQ was deposited, as per the method described above, shows the Si 2p

peak at 99.1 4 0.1 eV with respect to Er (Fig. 3.9, middle curve), corresponding to a
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band-bending of only 0.2+ 0.1 eV. (AEpp = 0.2 €V). This 0.3 eV decrease of AEgp
is especially significant because the bands of heavily-doped silicon are very difficult
to bend. The fact that the Fermi-level is pinned at midgap on a highly doped wafer
indicates that the defect density is still high at the hydrogen-passivated surfaces. PQ-
deposition substantially reduces the defect density, allowing the bands at the surface
to bend less and the valence band edge to get closer to Fermi-level. This is consistent
with the proposed mechanism (Fig. 3.4), according to which PQ reacts with and
consumes the“dangling” bonds on the silicon surface.

The component corresponding to the Si-O bonding is not readily apparent in the Si
2p core level, even though Si-O bond is presumably present in PQ-passivated silicon
as per the proposed mechanism (Fig. 3.4). There are two reasons for this lack of
evidence. First, the shift in the Si 2p level expected for a Si-atom chemically bonded
to three silicon atoms and one oxygen is only ~ 0.5 eV [91]. This shift is too small
for the resolution of the XPS measurements performed in this work. Second, the
intensity of the shifted component is expected to be small compared to the intensity
of the unshifted Si core level. This is because only two Si atoms per P(Q molecule
contribute to the shifted signal, while the unshifted signal has contributions from
many layers of subsurface Si atoms.

In a simple model that assumes a uniform surface donor-like defect density (Dy; in
cm~2eV~1) from midgap to valence band edge, the charge neutrality can be invoked

to derive the relation between D,;; and AEgpg

QESNAAEBB
Dy = 3.14
! \/ ¢(Eg/2 — AEpp)? (3.14)

where, €, is the silicon permitivity of silicon, Eg is the silicon bandgap, and N4 is
the silicon doping. So in terms of surface defect density, the reduction of AEgg due

to PQ deposition implies a removal of ~6x10' cm=2eV~! defects from the silicon
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Figure 3.9: Si 2p binding energies (Es,), w.r.t to bulk Fermi-level (Ef), of highly-
doped silicon (100) surfaces. The three curves represent solution-processed H-
passivated p-type surface(H/p™-Si), PQ-passivated p-type surface (p™-Si/PQ), and
PQ-passivated n-type surface (n*-Si/PQ).

Table 3.2: The surface band-bending (AEgp) in silicon for the three cases of Fig.3.9.

Egp - EF AEBB

(eV) (eV)
Flat-band p*-Si 98.9 + 0.1 0.0
H/p*-Si 99.4+01 05
PQ/p*-Si 9.1+ 0.1 0.2
Flat-band n™-Si®  100.0 & 0.1 0.0
PQ/n"-Si 99.9 + 0.1 -0.1

apt-Si at flatband + 1.1 eV

surface.

Though the lower band-bending suggests a reduction of the number of charged
defects, the presence of neutral defects is still possible. For example, there might
still be a high density of midgap acceptors that are neutral above the Fermi-level and
hence do not cause band-bending on a p-type surface. To investigate this possibility,
similar measurements were also done on highly-doped n-type (n™) surfaces. For PQ-

passivated nt wafers (Fig. 3.9, bottom curve) the Si 2p binding energy was 99.9 +
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0.1 eV. The expected difference in Fermi-level positions on p* and n* Siis 1.12 eV,
so in the flat band condition, the n-type surface Si 2p core level should have a binding
energy of 100.0% 0.1 eV. Comparing the two numbers, we estimate the surface band-
bending on the PQ-passivated n* surfaces to be 0.1 eV+ 0.1 eV (AEgp=0.1 eV).
The difference in Si 2p binding energies between the p™ and n* silicon surfaces (99.9
-99.1 = 0.8 eV) is the range of surface energies over which the Fermi-level may be
modulated. These measurements imply a relatively small number of deep surface
states, and agree with the minority-carrier lifetime results, where we extracted low

recombination velocities (~150 cm/s) at the PQ-Si interface.

Ultra-violet and Inverse Photoelectron Spectroscopy

A distinct advantage of using PQ-passivation over traditional passivating layers like
silicon-dioxide, which is an insulator, is the possibility for current-conduction across
the Si/PQ interface. The conjugated m bonds of PQ suggest that it is a semiconduct-
ing molecule and hence it can transport charge more efficiently. For a more thorough
evaluation of the electrical conduction properties of PQ, the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), were
determined by UPS and IPES. Together with the XPS results, these techniques pro-
vide an accurate determination of the alignment between the PQ and Si energy levels
at the interface. Measurements were taken on both highly-doped p and n-type silicon
surfaces.

The UPS measurements used the He I line (21.22 ¢V) of a gas discharge source, and
IPES used a commercial electron gun and a fixed photon energy detector (centered at
9.2 eV), the details of which have been published elsewhere [92]. The resolution of the
UPS and IPES measurements was estimated at 0.15 and 0.45 eV, respectively. The
energy scales of the UPS and IPES spectra were aligned by measuring the position

of the Fermi edge with both techniques on freshly evaporated Au films.
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The UPS and IPES spectra for a PQ layer on p™ Si are shown in Fig. 3.10(a).
In the UPS spectrum, the signal at the lowest binding energy corresponds to the
electrons photoemitted from the top of the filled states at the surface [93]. Due to the
thickness of the PQ overlayer (10 nm) the signal from the Si valence band is assumed
to be entirely suppressed. Thus the edge closest to zero gives the HOMO edge of
the bound PQ molecule on the passivated p™ Si at 1.2 eV below the Fermi-level.
Similarly, in the IPES spectrum, the signal at the lowest binding energy corresponds
to the bottom of the empty states, i.e. the edge of bound PQ LUMO [93]. On PQ-
passivated p™ Si, the LUMO edge is at 2.0 eV above the Fermi-level. Hence, the
HOMO-LUMO difference, i.e. the energy gap, of PQ is 3.2 eV.

The UPS signal at the highest binding energies (labeled as onset in Fig. 3.10(b))
corresponds to the photoemission cut-off from which vacuum level and the work
function (®) are extracted [93]. For the PQ-passivated p* Si, ® = 4.1 eV. Based on
these results, the ionization energy (IE) and electron affinity (y) of PQ-passivated
p' Si can be determined to be 5.3 eV and 2.1 eV, respectively. These numbers are
consistent with a first-principles calculations reported in literature [94].

Typically, for a ~10' cm™3 doped p-type silicon with negligible band bending,
the @, ionization energy and electron affinity are of the order of 5.2, 5.2 eV and 4.0
eV, respectively [95]. Together with the ~0.2 eV band-bending in Si (calculated by
XPS as described above), this allows us to calculate the band alignment at the Si/PQ
interface. Overall, the PQ-p* Si interface is a type-I heterojunction, as detailed in
Fig. 3.11a. There is a 1.1 eV band-offset at the conduction band and a 1.0 eV band-
offset at the valence band. Results for PQ-n" Si interface are similar (Fig. 3.11b),
but the implied values of the band-offsets at the conduction and valence band are 1.4
eV and 0.6 eV, respectively.

Finally, a clarification note: this study does not differentiate between the band

structure of PQ bonded to silicon and bulk PQ that just sits on the top. A more
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Figure 3.10: (a) Composite He I (21.22 ¢V) UPS and IPES of PQ-passivated highly-
doped p-type silicon (100) surface. (b) UPS spectra of PQ-passivated highly-doped
p- and n-type silicon (100) surfaces showing the onset. The resulting band-diagram
is shown in Fig. 3.11.

detailed study that tracks the band-structure of the surface, from pristine silicon to
multiple monolayers of PQ on silicon, may be insightful.
An interesting, but not well understood, observation is the presence of an inter-

face dipole at the PQ/p™-Si interface. It can be quite large and depends on the
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Figure 3.11: Band offsets at the Si/PQ Interface: The band diagram of the PQ-
passivated silicon surface for highly doped (a) p-type and (b) n-type silicon (100)
surfaces. The band-bending in silicon is extracted from the XPS data (Fig. 3.9). The
offsets at Si/PQ heterojunction have been extracted from the UPS and IPES data
(Fig. 3.10b, Fig. 3.10a). In both cases and interface dipole is measured.

Si work function, from 0.9 eV for p* to 0.1 for n* Si. The presence of interface
dipoles at organic/silicon interfaces that depend on the work-function of the underly-
ing substrates, have been previously observed for a number of metal /organic interfaces
[96, 97], and a number of mechanisms have been proposed to explain their origin [98];
for example charge transfer between the chemisorbed organic and underlying metal
[97]. The origin of the dipole at the Si/PQ interface, and its dependence on silicon
doping (or equivalently, the silicon work-function) could be similar. For a more exact
explanation a more detailed analysis of the phenomenon is needed.

In summary, the spectroscopy reveals that PQ reacts with the silicon surface via
the C=0. The band-bending at PQ-passivated Si surface is lower than H-passivated
silicon surface, suggesting a lower defect density at PQ-passivated surfaces. Finally,
the energy-gap of PQ is 3.2 eV, and it forms a wide-bandgap type-I heterojunction

with silicon with large offsets at both conduction and valence band of silicon.
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3.7 Field-Effect Devices

3.7.1 Metal-Insulator-Semiconductor Capacitor

A test of a semiconductor surface with low defect density is the ability to modulate
the Fermi-level. To demonstrate the quality of the PQ-silicon interface, we fabricated
metal /insulator /semiconductor capacitors (MISCap) on PQ-passivated silicon wafers.
For comparison, a control structure with the same cleaning steps but without the PQ
passivation was also fabricated along with the PQ-passivated sample. The structure
consists of lightly doped p-type PQ-passivated silicon wafers coated with a layer of
an insulating polymer resin (Photoresist AZ5214) and aluminum (Al) (Fig. 3.12(a)).
The resin is selected as the insulator due to its low-temperature deposition (4000 rpm
spin-coating followed by a bake at 95 °C in vacuum oven) and lack of any aggressive
chemistry with silicon or PQ. The gate metal was deposited by thermal evaporation
through a 1-mm radius shadow mask.

The small-signal capacitance-voltage characteristics of these structures, measured
at a frequency of 1 MHz and a DC-bias step rate of ~0.25 V/s, are shown in
Fig. 3.12(b). Without PQ the capacitance is fixed, presumably due to the large den-
sity of defects which makes it impossible to bend bands at the silicon surface. On the
other hand with PQ), the measured characteristic is typical of a metal/insulator/semi-
conductor system: the larger flat capacitance at negative voltages denoting accumu-
lation, and the decreasing capacitance at positive voltages denoting depletion (and
possibly inversion). Similar results are also obtained for capacitors fabricated on n-
type silicon wafers (Fig. 3.12(c) & (d)), although the evidence for an inversion layer
is slightly tenuous.

The large hysteresis in the data is probably due to charge trapping in the low-
temperature insulator and not due to silicon surface defect density, a fact confirmed

by the high carrier mobilities obtained in the field-effect transistors with the same
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MIS structure (see next section).
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Figure 3.12: (a) PQ passivated metal-insulator-semiconductor capacitor structure
on p-type silicon. The insulator is AZ5124 polymer resin. (b) The small-signal
capacitance at 1 MHz of a metal-insulator-semiconductor capacitor. (c) Similar metal-
insulator-semiconductor capacitor structure on n-type silicon and (d) its small-signal
capacitance at 1 MHz.

3.7.2 Metal-Insulator-Semiconductor Field-Effect Transistor

While the clear presence of accumulation and depletion in the capacitance-voltage
characteristics confirms that at the PQ-passivated surface the Fermi-level can be

modulated, it does not conclusively prove inversion in silicon. The characteristics
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Figure 3.13: (a) The n-channel metal-insulator-semiconductor field-effect transistor
structure. The L and W of the devices are ~1 mm and ~1.91 mm, respectively. (b)
Drain current vs. drain voltage characteristics at different gate voltages (Vis).(c)
Drain current and transconductance vs. gate voltage characteristics at different low
drain voltages in linear and (d) log scale.

would be very similar if a large density of acceptor-like defect states are pinning the
Fermi-level before actual inversion is reached [99].

To test for true inversion, n-channel metal-insulator-semiconductor FET (MIS-
FET) devices were fabricated with a PQ/insulator stack on light-doped p-type sub-
strates (Fig. 3.13(a)). The source and drain are formed before the deposition of either

PQ or the organic insulator, by a conventional process - high-dose phosphorous ion
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Figure 3.14: (a) The p-channel Metal-insulator-semiconductor field-effect transistor
structure. The L and W of the devices are ~1 mm and ~1.91 mm, respectively. (b)
Drain current vs. drain voltage characteristics at different gate voltages (Vgs).(c)
Drain current and transconductance vs. gate voltage characteristics at different low
drain voltages in linear and (d) log scale.

implantation (10'® cm™ at 100 keV) followed by a 900 °C anneal in nitrogen ambient.
Next PQ and the insulating resin were deposited on silicon, using the same recipe
as in previous sections. No source/drain metal contacts were evaporated. During
measurement, contact to the source and drain regions was made by jamming a sharp
probe into the source/drain regions of silicon, through the soft insulating organic

resin. As with the MISCap structure, gate metal was thermally evaporated via a
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I-mm radius shadow-mask, overlapping the source/drain regions.

Measurements reveal well-behaved n-channel MISFET characteristics which con-
vincingly show an “inversion” layer of mobile electrons (Fig. 3.13(b)-(d)). The gate
leakages were <25 pA for a gate-bias of <10 V. As a control, conventional MOS
transistors were also used, in which a high-quality thermal oxide was used as the gate
dielectric and for surface passivation. The current-voltage characteristics of these
p-channel and n-channel MOSFETSs are shown in Appendix C.

Qualitatively, similar results are also obtained for p-channel MISFET devices
(Fig. 3.14). The source and drain in this case were also formed before the deposi-
tion of either PQ or the organic insulator, but with high-dose boron ion implantation
(10'%) cm™ at 100 keV) and 900 °C anneal.

The sub-threshold slope (S) of a FET device depends on the interface defect

density (Dj, in ecm™?eV1) according to the relation

q*Dit
S (mV/decade) = 60 (1 + o ) (3.15)

where C; is the gate capacitance per unit area. From the accumulation capacitance in
MISCap characteristics (Fig. 3.12), the value of C; is estimated to be ~ 1 nF /cm?. The
sub-threshold slope of the n-channel FET is 1900 mV /decade (Fig. (d)), so at the p-
Si/PQ interface, the implied interface defect density is ~2x10'"" cm2eV-!. Similarly
from the p-channel FET, the implied interface trap density is ~1x10'2 cm2eV-L.
These values are in the same ball-park with surface defect density calculated from
the surface recombination velocity.

The drain-source current (Ipg) of a metal-insulator-semiconductor field effect tran-
sistor, in the linear region (Vps < Vgs — Vr and Vs > Vp), is given by the well
known equation

Vis

w
Ips = - oCi (Vas = Vr)Vbs — > (3.16)
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where W is the channel width, L is the channel length, V7 is the threshold voltage
and Vgs and Vpg the gate and drain voltages with respect to the source, respectively.
To calculate mobility, a C; of 1.1 - 1.4 nF/cm? is estimated from the accumulation
capacitance of the metal-organic-insulator-semiconductor capacitor (Fig. 3.12). The
L for the devices is ~1 mm, but due to a circular gate shape (Fig. 3.15(a)) the value
of W is not obvious. Considering the active channel area under the gate is 1.91 mm?,
we estimate an effective W of ~1.91 mm.

There are several ways to extract a mobility value from FET data [100, 101] from
the Eq.(3.16). One value of mobility, referred to as the effective mobility (uesy), can

be calculated from the I verses Vizg characteristics at low Vpg, given by the equation

Ip L 1 |
Held = 9, s W Ci(Vis — Vi) Vos—=0

(3.17)

The main drawback of this approach is that the value of V needs to be approxi-
mated [101]. Alternatively, the field-effect mobility (urg) can be calculated from the

transconductance (g, = g‘l/—gz) at low Vpg using

_ L g |
n WCiVDD Vps—0

Electron mobility for the n-channel device versus excess gate voltage (Vs — Vi)
is shown in Fig. 3.15(c). A peak electron field-effect mobility of ~640 cm?/Vs is
extracted from the drain current vs. gate voltage characteristic at a drain voltage
of 0.1 V. The mobility is four times higher than what was previously reported for
a crystalline silicon FET with an organic gate dielectric [102], and is similar to our
control device with a thermally-grown silicon dioxide as the insulator (Fig. 3.15(d)).
The extracted hole mobility from p-channel device is ~ 50 cm?/Vs (Fig. 3.15(e)) is
lower than the control device as compared to 225 cm?/Vs measured on the control

device (Fig. 3.15(f)), probably reflecting the higher defect-density that was extracted
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Figure 3.15: The top view of the FET devices showing the dimensions of the gate
(a) for PQ-passivated MISFET (a) for conventional MOSFET (Control). Extracted
carrier mobility from (c¢) n-channel MISFET, (d) n-channel MOSFET, (e) p-channel
MISFET , and (f) p-channel MOSFET.
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from the sub-threshold slope. Still, these mobilities are high for silicon surfaces that
were passivated at room-temperature, proving two things a) the PQ-silicon interface
Fermi-level can indeed be modulated from mid-gap to the conduction band edge and
b) the Si/PQ interface is of very high electronic quality, i.e. interface defect density
is low. These assertions are highly consistent with the spectroscopic and minority-
carrier recombination data presented above.

A interesting question arising from the MISFET results is - where are the electrons
in the inversion layer localized, silicon or PQ? If we are to assume, for the sake of
argument, that the inversion-layer electrons are localized in the organic PQ, and not
Si, the expected mobilities would be far lower and more in line with mobilities of
organic FETs (typically < 10 em?V~'s™1) [103, 104]. The fact that we see mobilities
that are two orders of magnitude higher and comparable to crystalline Si FETS,
strongly suggests that this is not that case. The band-alignment data of Fig. 3.11a
provides the precise explanation. In an n-channel FET, the bands of p-Si bend down
under positive gate-bias to form a thin layer of mobile electron in Si (the “inversion”
layer) at the insulator/Si interface. However, the electron-barrier at the PQ/p-Si
interface, between the conduction band (CB) minimum of Si and the LUMO of PQ,
is quite significant (1.1 eV). In PQ-passivated p-Si, the inversion layer electrons are

blocked by this barrier from getting into the PQ layer.

3.8 Conclusion

The passivation of the silicon (100) surface using the organic molecules 9-10 phe-
nanthrenequinone was demonstrated. Very low surface recombination velocities are
measured at PQ-passivated silicon surfaces. Spectroscopy tests reveal the passiva-
tion mechanism - PQ chemically bonds to the silicon (100) surface atoms, and in the

process consumes the “dangling” bonds typically found on bare Si surfaces. Band-
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bending is greatly reduced at both n- and p-type silicon surfaces. This implies low
densities of both acceptor and donor-like defects at the interface. The Si/PQ inter-
face is not insulating, rather the alignment of the energy levels is such that PQ forms
a wide-bandgap type-1I heterojunction with silicon. Furthermore, the Fermi-level at
PQ-passivated Si is not pinned, and can be modulated across the band gap. High
carrier mobilities are obtained in field-effect transistors, further confirming the the
low surface defect densities.

These results are promising and could provide a way to integrate organic materials
with silicon to form hybrid organic/silicon electronic devices. PQ was selected for
this study due to its unique chemical properties [77] and easy commercial availability.
One might expect that with a systematic approach and tailored molecules even better

passivating organic molecules can be found.
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