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ABSTRACT

Amorphous silicon solar cells have been extensively used for many years due to the
low cost, easy fabrication and special properties. However, it is found that the properties of a-
Si:H solar cells degrade upon light illumination, and this limits the application of a-Si:H solar
cells and brings the stability concern. Recently, it has been shown that this instability is
correlated with the presence of multiple bonded Si-H bonds (i.e., SiHy), and a technique,
namely chemical annealing, was suggested to improve the stability of a-Si:H. Although a
number of results have been reported to improve the stability of a-Si:H films based on
chemical annealing technique, no chemical annealed devices with good quality were
reported.

In this work, chemical annealed a-Si:H films and devices, and non chemical annealed
films and devices were produced in a remote, low pressure ECR plasma enhanced CVD, and
systematic experiments were carried out to study the role of chemical annealing in enhancing
the stability of a-Si:H solar cells.

It is found that the structure of the films grown using chemical annealing technique
depended critically upon whether the annealing was done with hydrogen or plasma. When
the annealing was done in hydrogen plasma, the films remained amorphous; in contrast,
when in helium plasma, and the annealing time is equal or more than 20 seconds, the films
became crystalline. These unusual results show that it is not necessary to have a high
hydrogen dilution to obtain nanocrystalline films, and contradict the generally accepted
assumption that high hydrogen dilutions are needed to crystallize the amorphous films based

on the reactive etching of H ions. Instead, it might be the case that not only the reactive
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etching effect from the H ions, but also the ion bombardment play a role in crystallizing the
amorphous films.

Comparable helium plasma annealed a-Si films and non helium plasma annealed a-Si
films were produced. Upon light soaking, the chemical annealed films show a much lower
degradation in photoconductivity than that of non chemical annealed films. Comparable
helium plasma annealed a-Si solar cells and non helium plasma annealed a-Si solar cells were
prepared as well. Upon light soaking, the degradation in the most sensitive device factor, the
fill factor, showed that chemical annealed devices possess a much better stability than non
chemical annealed devices. FTIR data of chemical annealed films provide a much less SiH;
bond content than that of non chemical annealed films. Clearly, it indicates that chemical
annealing technique leads to significant improvement in the stability of both films and
devices in a-Si:H by reducing the SiH, bond density inside.

Similar results happened in hydrogen plasma annealed films and devices. Comparable
hydrogen plasma annealed films and non annealed films; comparable chemical annealed
devices and non chemical annealed devices could be produced as well. Hydrogen plasma
annealed films performed lower degradation in photoconductivity than non annealed films.
Chemical annealed devices showed a significantly less degradation in fill factor than non
annealed devices. FTIR data demonstrated that the stability of a-Si:H was closely related to

the SiH, bond content and the chemical annealing technique did reduce the SiH; bond

intensity



CHAPTER 1 INTRODUCTIONS

1.1 Research Motivation

Hydrogenated amorphous slicon (a-Si:H) is widely used for a number of solid state
electronic devices, such as solar cells, solid state photosensors, thin film transistor for liquid
crystal displays, photoreceptors, and image pick-up tubes [1]. The extensive applications of
a-Si:H origin from its several unique features: (1) it has a very high optical absorption
coefficient (>10° cm™) over the majority of visible spectrum, making extremely thin film
device possible; (2) a simple low temperature deposition process is applicable; (3) the optical
bandgap of ~1.7eV lies near the energy at which high solar energy conversion efficiencies
are expected; (4) the raw materials is abundant; (5) the materials is easy to dope both p-type
and n-type using boron or phosphorous respectively; (6) the electronic properties of electrons
and holes are adequate for many device applications.

Although the a-Si provides such unique features, one serious problem associated with
a-Si limits its application. This is its stability. Known as Staebler-Wronski (S-W) effect [2],
the performance of a-Si:H solar cells and imagers degrades upon exposure to light. This
effect can involve very large changes in photoconductivity, and in defect densities, which has
strong implications for the technical applications of a-Si:H.

Intensive studies have been carried out to improve the stability of a-Si:H, which
includes the development of new deposition techniques and new structures for the devices.
Among them, a technique called chemical annealing process is utilized to improve the
stability of a-Si:H. Recently, it has been shown that the instability of a-Si:H is correlated with

the presence of multiply bonded Si-H bonds (i.e. SiH;). Chemical annealing relies on the



principle that by subjecting a thin a-Si:H film to ion bombardment, one can reorder its
structure and thereby reduce the SiH; type bonds, leading to better stability. The technique
consists in growing a thin film, typically 15-30 ', and then subjecting it to bombardment
from plasma, and then repeating the cycle. Both inert and reactive gas ions have been used
for the annealing cycle. Although a number of results have been reported to improve the
stability of a-Si:H films based on chemical annealing technique, no chemical annealed
devices with good quality were reported.

In this study, chemical annealing process is utilized to study if it improves the
stability of a-Si:H solar cells and materials. Systematic experiments will be designed to study

the effect of chemical annealing on the properties of the a-Si films and solar cell devices.

1.2 Fundamentals of Solar Cells

Consider the pn junction shown in Fig. 1.1 with a resistive load. Even there is no bias
applied, an electric field exists in the depletion region as shown in figure. When it is
subjected to photon illumination, electron-hole pairs can be generated in the depletion region
that will be swept out and this produces the photocurrent Iy, in the reverse-bias direction as
shown.

The photocurrent I, produces a voltage drop across the resistive load which forward
biases the pn junction. The forward-bias voltage generates a forward-bias current Ir as

indicated in the figure. Therefore, the net pn junction current, in the reverse-bias direction is
[3]

v
I=1,-1,=1I, —Is[exp(i—T)—l] (1.1)



where the ideal diode equation is used and the I; is the ideal reverse-saturation current of the
pn junction diode. As the diode becomes positive biased, the magnitude of the electric field

in the depletion region drops, but does not go to zero or change direction.

4__
P E—Axeld N
—
I
Ir
I +V -
AANVA VAN

Figure 1.1 A pn junction solar cell with resistive load [3].

In practice, except load resistance Ry, there are two more resistances when a solar cell
is under photon illumination. Considering a n*p junction solar cell with a load resistance Ry,
illustrated in Fig 1.2 [4], the photogenerated electron has to traverse a surface semiconductor
region to reach the nearest finger electrode. All these electron paths in the n-layer surface
region to finger electrodes introduce an efféctive series resistance Rs. A fraction (usually
small) of the photogenerated carriers can also flow through the crystal surfaces (edges of the
device) or through grain boundaries in polycrystalline devices instead of flowing through the
external load Ry These effects that prevent photogenerated carrier from flowing in the
external circuit can be represented by an effective internal shunt or parallel resistance R;, that

diverts the photocurrent away from the load Ry



Fig. 1.3 shows the equivalent circuit of a practical solar cell. The photogenerated
process is represented by a constant current generator I, where the current is proportional to

the light intensity. The forward-bias current Ir is represented by a diode with a diode current

of Id.
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Figure 1.2 Series and shunt resistances in a solar cell [4].
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Figure 1.3 Equivalent circuit of a solar cell [4].
The structure of a real device used in this research is shown in Fig. 1.4. The devices
are fabricated on rough-polished (not electro-polished) stainless steel substrates. First, the n

layer is deposited using H-ECR process. The n layer is about 230-250nm thick and it is an a-



Si:H layer doped with phosphorus. A thick n layer is needed because of the rough substrate.
Next, the i2 layer is deposited, for a-Si:H solar cell, using a mixture of hydrogen and silane,
or helium and hydrogen and silane. Very small amounts (0.3-0.5ppm) of trimethyl B was
added to the 12 layer to act as a compensating dopant against the inevitable oxygen
contaminant represent in the reactor. The typical i2 layer thickness is 200nm-300nm. The
purpose of the i2 layer is to improve the absorption of the photons. The i2 layer is followed
by a il buffer layer of graded gap a-(Si,C), which not only provides the bandgap matching
between i2 and p layer, but also reduces the B diffusion from p layer. il buffer layer is then
followed by a thin (20nm) a-(S1,C) p layer. Finally, an ITO contact is deposited on top. The

band diagram of a typical a-Si:H solar cell is shown in Figure 1.5.

ITO

P+

il

2

n+

Steel substrate

Figure 1.4 Device structure of o-Si:H solar cell.



Figure 1.5 Band diagram of a typical a-Si:H solar cell.

1.3 Properties of a-Si:H

Several deposition techniques, such as plasma-enhanced chemical vapor deposition
(PE CVD), hot wire-chemical vapor deposition (hot wire CVD) and reactive sputtering, can
be employed to produce amorphous silicon. In these processes, hydrogen is either added or
released during the deposition. Hydrogenated films containing about 4 to 40 atomic
percentage of hydrogen film are generally denoted as a-Si:H.

Unlike the crystallite silicon, a-Si:H has only a order structure in short range. In a
perfect crystalline silicon structure, all four covalent bonds of an atom are saturated, and no
unpaired spins show up in electron spin resonance (ESR) measurement [5]. But for
amorphous, based on continuous random network structure model [6], it shows that the

average number of next neighboring atoms is lower than four, so a certain fraction of atoms



is only coordinated with three or less nearest neighbors. A illustration of continuous random

network about a-Si:H is shown in Fig. 1.6 [7].

Figure 1.6 Structural atomic model of the covalent bonding in a-Si [7]

In this tetrahedral network model, silicon atoms bond covalently to four neighboring
silicon atoms with small deviations of the bonding lengths and angles from those of the
crystalline material. Atoms with lower co-ordination occur because they locally release the
strain in the disorder structure, which leaves unpaired electrons and is known as dangling
bond. These dangling bonds will act as recombination centers and be detrimental to solar cell
performance. Besides the dangling bonds, the deviation of the bonding lengths and angles
contribute to formation of a continuous energy distribution of density of states as well. In
order to decrease the dangling bonds, hydrogen passivation is applied. A hydrogen atom with
a single electron can supply an electron and complete an unsaturated covalent bond. This
removes the dangling bond level from the forbidden bandgap (passivation) and traps the

hydrogen. It was shown in the previous research that the number of dangling bonds is about



10%°-10%? cm™ in a-Si before being passivated by hydrogen. After the passivation, the number
drops to about 10% cm [8].

In order to obtain more insight into the electronic properties of amorphous silicon, it
is important to determine the distribution of the trap states in the bandgap. Fig.1.7 shows a
density of states curve for a undoped a-Si:H film. Since the majority of atoms are still
fourfold co-ordinated, the essential features of the crystalline band-structure, the existence of
extended valence and conduction band states, are still maintained. The lack of long-range
order and distortion of the covalent bonds of fourfold co-ordinated neutral silicon atom in
amorphous structure gives rise to a gradual, approximately exponential decrease of the

density of states, so called band tails, given by

E.-E
N,e =N, exp ICE (1.2)

urc

E-E
N,, =N,,exp - u (1.3)

urv

where Nt¢c and Nyy are density of states (DOS) for conduction band tail states and valence
band tail states respectively; and EurQ and E,,. are the characteristic widths of the conduction
and valence band tails and called the Urbach energy. For a-Si:H, the typical values of N¢g =
Nvo =10*! to 10% eV'lcm'l, Eunv=42-45meV and E .=26meV [9], which means that valenbe
band tail extends deeper into the gap. Low Urbach energy implies less disorder, which is a
very important property of amorphous a-Si:H. It should be noted that a fraction of tail states
also originates from silicon atoms with three silicon neighbors and one hydrogen atom in

tetrahedral configuration. These additional states from the silicon hydrogen bond change the
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optical band-gap, depending on the hydrogén content. The optical gap increases from about

1.5eV for pure amorphous silicon to about 2.0eV when 30 at. % hydrogen is present.

EXTENDED EXTENDED

STATES SYATES
e Pl L OCALIZED DEFECT STATES w3 o o
ol MOBIITY QAP ] /
VALEHCE CONDUCTION

BAKD BAND

DENSITY OF STATES (LOGARITHMIC SCALE)

Figure 1.7 Electronic density of states in a-Si:H [7]

Adjacent to the band tail states are several deep—le'vel bands in the lower and upper
half of the bandgap, which is considered to be related to dangling bonds of mainly threefold
co-ordinated silicon atoms.

Crystalline silicon as an indirect semiconductor has a rather low absorption in the
visible spectral range, since only a few of the electronic states near the band edge can take
part in the absorption process because of the momentum conservation rule and the
participation of phonons. This situation is different for amorphous silicon because the rule of
conservation of momentum does not hold and most of the electronic states near the band
edges (tail states) are available for optical transitions. Correspondingly, the optical absorption

coefficient is much larger than that of crystalline silicon. This is shown in Fig. 1.8 [1].
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Figure 1.8 Opti.cal absorption coefficient of a-Si:H [1]
Figure 1.8 gives a typical example of the absorption spectrum of non-doped a-Si:H.
In this figure, region A is generally termed the “Tauc region”, where the spectral form can be
approximated by equation 1.4, and is attributed to the optical electron transition between the
extended valence band and the conduction band:
chw=Bhow-E, ) (1.4)
where Eq, is termed the optical energy (or Tauc) gap, and is normally used for defining the

energy gap of amorphous semiconductors. The typical value for a-Si:H is 1.7 eV. Region B
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in Fig. 1.8 is known as the “Urbach region” and has an exponential form given by the

following:

hv - FE, (1.5)
a =a, exp —————

urv

where E,y is called the Urbach energy. This region can be described in terms of a transition
between a band-tail state and an extended band. Furthermore, region C in Fig. 1.8 can be
attributed to the mid-gap states absorption. This region has a strong influence on the
absorption for low photon energies. Figure 1.8 shows that hydrogen-free amorphous silicon
has a significantly larger absorption below the mobility gap of about 1.7 eV for lower photon
energies, which is due to the much higher density of trapping states in the gap.

Finally, some properties of device-quality a-Si:H are given here:

(1) Bandgap: 1.7to 1.8 eV

(2) Urbach energy: 42 to 45 meV

(3) Photoconductivity: 10* S/cm to 10” S/cm

(4) Dark conductivity: 10"° S/cm to 10! S/cm

(5) pt (mobility-lifetime product) for hole: >10® cm*/V

(6) ut (mobility-lifetime product) for electron: ~ 2x107 cm*/V

1.4 Literature review
As mentioned above, hydrogenated amorphous silicon presents a serious problem of
metastability. Whereas the original state has a clearly defined conductivity, the metastable

state can have a range of conductivity depending on the light exposure.
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The physics of instability of an a-Si:H is associated with its non-equilibrium state,
and an external disturbance, either thermal or optical, will induce structural changes at the
macro- or microscopic levels. Under the illumination of light exposure, electron-hole pairs
will be generated. The photo-generated electron-hole pairs combine in the film and release
energy, which breaks weak Si-Si and /or Si-H bonds and creates defects, and in tum
deteriorates the conductivity of the film. The degradation process can be described by three
models: (1) the Trap-to—dangling bond conversion model, first proposed by Adler and
quantified by Dalal [10], proposes that both positively correlated dangling bonds (D% and
negatively correlated charged defect states (T3™ and T3") exist in the a-Si material. The
capture of a charged carrier by an oppositely charged defect state leads to the conversion of
this trap state into a positively correlated dangling bond state, thereby leading to an increase
in D? states and an increase in recombination; (2) Bond breaking-SJT model [10], proposes
that the energy released by recombination of an electron-hole pair, leading to breaking of
weak Si-Si bonds, thereby creating dangling Si bonds which give rise to increased density of
midgap defect states; (3) H Collision model [11] proposes that recombination of
photogenerated carriers excites mobile H from Si-H bonds, leaving three fold cobrdinated Si
dangling-bond defects. When two mobile H atoms collide and associate in a metastable two-
H complex, the two dangling bonds from which H was emitted also become metastable.
Measurements show that during illumination the dangling bond density increases from low
starting value of about 10'® cm™ up to values of about 10" cm™ [12]. It should be noted that
this process is reversible. In 1977, Staebler and Wronski found that both the dark and photo-
conductivity of a-Si:H, after being illuminated with band-gap light for a long period of time

were reduced, with restoration being achieved by annealing at 180°C [2].
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For a-Si:H solar cells, these photo-generated mid-gap defects act as recombination
centers, thereby reducing the lifetime of both electrons and holes. These defects also act to
reduce the electric field in the middle portion of the i-layer, and this in turn reduce the field-
assisted drift length or range and decrease the collection of the carriers in i-layer.

In order to improve the stability of a-Si:H, all kinds of research have been developed,
which includes the development of new deposition materials, new fabrication methods, and
new structures for the solar cell devices.

Among the new fabrication techniques, remote ECR growth [13, 14], hot wire growth
[15], multichamber systems [16] have been reported to improve the stability of a-Si:H solar
cells. It is reported by Dalal et al. that the remote ECR process can greatly improve the
stability of a-Si:H solar cells compared to the glow discharge techniques [14].

For the new structure design about a-Si:H, Dalal et al. showed that the stability of a-
Si:H solar cell with graded i layer bandgap can be greatly improved compared to that of a-
Si:H solar cell with constant 1 layer bandgap [17]. Research also is carried out to improve the
stability of a-Si:H solar cells by using of blocking/insulator layers, grading or P*
multilayered, i/n interface grading, tailoring of the i-layer [18], and tandem type solar cells
[19].

Study on the deposition materials has given us valuable results as well. Among them,
high Hydrogen dilution [20], He-dilution [21], deuterium dilution [22], and SiF,4 or SiH,Cl,
[23] have been employed to improve the stability of a-Si:H.

The light-induced degradation of a-Si:H is shown to be related with hydrogen
concentration, especially with Si-H; (Csinz)bond density [24]. Studies found that a higher

hydrogen content in the a-Si:H causes greater metastable changes [25-27]. It is also found
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that the deterioration of film increases with the increase of SiH, bond [28]. In recent work, it
was shown that after the Si-H, content was decreased by either hydrogen dilution or a triode
deposition system, the stability of the a-Si:H was improved greatly [29].

According to the growth chemistry of a-Si proposed by Dalal [30], this can be
explained by the microvoids introduced by the extra H or SiH,. If the surface hydrogen is not
removed and Si not cross-linked, the bonded Si-H structure gets buried, new material grows
around it, and a microvoid forms once the Si-H bond breaks down. The shift in IR signal can
arise from H bonded at internal surfaces of voids. The SiH, radical introduces the same
problem (mirovoid) like extra H does. By combing the SAXS results with infrared
measurements, Williamson et al [31] deducéd that at the interior surfaces of these microvoids
are largely unhydrégenated after degradation, containing at most 4-9 bonded H atoms.
Moreover, the presence of microvoids also allows the existence of the SiH; polymer chains
in the material. These chains are a primary cause of the degradation, since H there is loosely
bonded, compared to the random Si-H bond in the bulk, and breaks rather easily upon
energetic excitation [32]. The detailed discussion will be provided in the section 2.2, growth

chemistry.

In order to eliminate the extra H and get a structure with fewer voids, there are three
ways to achieve such goal.

(1) Increasing the temperature of growth. A higher deposition temperature will break
the weak Si-H and thus provide a more dense structure. Moreover, at the high temperature,
the radicals leading to film growth are more mobile, and hence presumably a better/dense
microstructure. However, increasing temperature of growth may result in the breaking of

some inevitable weak Si-Si or Si-H bonds, thereby introducing defects.
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(2) Using ion bombardment. We can use both reactive species like H or F, and non-
reactive ion like He or Ar. The role of H ion is different from role of He ion. H ion is
assumed to remove H from the surface by etching (or reaction), enhances radical selectivity
by increasing the fraction of silyl (SiH3) radicals in the growth process. H tons with enough

_energy (>2-3 ev) can also penetrate the lattice and involve in the subsurface bond
reconstruction. He ions can not remove the H (due to non-reactive) and penetrate the surface
(due to larger atom size), but serve to impart energy and momentum to the growing surface,
which will break the weak Si-H bond and improve the movement of the SiHj; radicals. It
should be noted that an ion bombardment with a low energy is required. High energies lead
to defect creation. Based on H; dilution or He dilution, H content was found decreased by H
ions or He ions, and the stability of the a-Si: H was found improved greatly [28, 21].

(3) Depositing the material at high temperature but provide an in-situ annealing to
rebond the weak sites.

The process of eliminating the H is also the process to eliminate the SiH; bond. Si-H;
radical is thought to originate from the contribution of higher-order-silane related radicals
like Si;Hg, SiHs...and form internal voids. The dissociation energy for silane molecule to
produce SiHj; radical is 8.75 eV, and 9.47¢V is for SiH; [28]. Impact of electrons with energy
above 9.47eV to a silane molecule produces the so-called short life radicals (e.g. SiHy),
which generate higher-order silane-related species by the insertion reaction as follows:
SiH4+SiH,—S1,Hg, SioHg+SiH,—SisHg... Low pressure and high H dilution prevent
formation of these higher radicals.

Recently, a novel technique called “chemical annealing (CA)” or “layer by layer

deposition” is introduced to remove the H and improve the stability of a-Si:H. The whole
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deposition for CA is composed of many periodic cycles (layers). In each cycle (layer), a layer
of thin a-Si:H is followed by a Ar or He or H2 radical (and/or ion) treatment (bombardment).
The thickness of each cycle depends on the growth time and the time ratio between the
growth and ion treatment, and varies from several tens A to several nm. In addition to this
process, some researchers applied an alternative process, in which the deposition is
composed of periodic low hydrogen dilution layer and high hydrogen dilution layer [33, 34].
The high hydrogen dilution layer plays the same role as ion treatment, but the intensity is
smaller.

The advantage of CA process is: (1) each growth layer is followed by an immediate
ion bombardment; this is supposed to be more efficient to take the extra H away and improve
the stability better. (2) It is a very efficient way to tune the bandgap. As we know, the
bandgap of a-Si:H increases with the H content. This may be interpreted qualitatively as the
partial replacement of Si-Si bonds with Si-H bonds of greater bonding energy [1]. The
tunable bandgap of a-Si:H is a very promising alternative for the electronic devices, like
tandem solar cells etc. The normal way to change the band gap of a-Si:H and related
materials is to introduce germanium or carbon. This alloying increased inhomogeneity in the
amorphous network and increased the density of both mid gap state and tail states [35]. But
this will not happen to a-Si:H tuned with CA process because the dangling bond is saturate
by H.

The fundamental work is represented by the Shimizu group [35-39]. The important
results from Shimizu’s group can be generalized as:

(1) The optical band gap (Tauc gap) of a-Si:H was varied from 1.5¢V-2.0eV by

varying deposition time/H ion treatment time in one cycle, as well as substrate temperature
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and rf power. The bandgap is found to increase with H content. The materials with low H

content showed excellent transport properties and improved stability [35].
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Figure 1.9 Tauc’s gap plotted as a function of total hydrogen content for chemical
annealing a-Si:H [35]

(2) Not only H ion treatment, but also Ar, He, or Ne radicals/ions can reduce the
bandgap of a-Si:H based on chemical annealing. High quality narrow band gap (<1.6eV) a-
Si:H with a ut product of 7x10°® cm?/V for electrons and 3x10® cm?V for holes were
obtained [36].

(3) Stability of p-i-n solar cell based on Ar CA was compared with standard a-Si:H
solar cell fabricated from SiH,4 without H, dilution. Measurement found that in the beginning
the standard solar cell has a higher FF, but after a light soaking of ~700 minutes, the FF of
the standard one drops below that of the CA one [37]. However, the FF of CA devices was

low, ~55% range, implying high defect density.
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Figure 1.10, FF of the CA solar cell and standard solar cell as a function of light-soaking
time [37].

(4) When substrate temperature is higher than 200°C, hydrogen radical flux was
found to promote crystallization! While when the addition of Ar ion is introduced into H, the

crystallization was partly prevented with the aid of ion-bombardment [38].
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Figure 1.11, Raman spectra for CA films by varying the durations (t1,t2). t1 is the deposition
time in seconds and t2 is the annealing time in seconds [38].



The most coinciding demonstration that CA by H plasma significantly improves the
microstructure of a-Si was provided by work in Prof. Hirose’s group [39]. In Figure 1.12,
Raman scattering spectra for a 2 nm-thick a-Si:H film shown that the band intensity due to
the wagging mode of SiHy decreased after the H, plasma treatment while the intensity due to

the a-Si TO-like phonon increased, which indicates the hydrogen desorption from the
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hydrogen-rich surface layer during the H; plasma treatment.

Figure 1.12, Raman scattering spectra for 2nm-thick a-Si:H film before and after H, plasma

Although systematic studies have been carried out by Shimizu group [35-39], some
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1.5 Scope of research

fundamental questions are still not solved.

First, they reported that by H CA, crystalline tissue can be obtained, and this is not

found in inert gas CA, like Ar or He. But the growth mechanism for crystalline tissue, as they

mentioned, is still not clear.
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Second, although the CA provides improved stability for p-i -n devices, the FF of
them are very poor (<55%), which limit the further application of CA devices.

Furthermore, no systematic data (i.e. Urbach energy, subgap absorption, hole ut
product, and SiH, bond content) to reveal the relation of chemical annealed a-Si:H samples’
properties and stabilities.

In this research, systematic experiments will be designed to study the chemical
annealing technique, and see if it can improve the stability of a-Si:H solar cells and materials.

(1) Chemical annealed a-Si:H films prepared by He (plus H) plasma will be made.
Previous studies in our group show the necessity for having both H and He or Ar present to
prepare good films [40]. The inert He or Ar is supposed to provide heavy ion impinging to
break the weak Si-H as well as provide the momentum to the SiHj radicals, and the H plays
the role to take the broken H bond away. In the meantime, the non chemical annealed a-Si:H
films prepared by He (plus H) will be made. The comparisons between CA films and non CA
films will be studied. This includes the stability of films in photoconductivity, the SiH; bond
density, the Urbach energy, the midgap absorption, and the optical band gap etc.

(2) Similarly, chemical annealed a-Si:H films prepared by H plasma and non
chemical annealed a-Si:H films by H plasma will be made. And the comparisons between
them will be studied as well.

(3) As mentioned above [38, 39], H plasma treatment during chemical annealing can
change the microstructure of a-Si:H and convert the amorphous matrix into nanocrystalline
one. But the growth mechanism of this crystalline tissue is not clear. Therefore, specific

experiments will be deigned to study this question.
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(4) Systematic study of devices will be carried out as well. A more stable CA device
with good FF is the goal. Both the He (plus H) and H plasmas will be applied.

(5) The stability between CA devices and non-CA devices will be compared.
Fundamental electronic properties of the CA and non CA devices, which includes the
holes’ut product, QE, QE ratio, and Urbach energy, will be studied before and after light

soaking so as to elucidate the reasons.
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CHAPTER 2 SAMPLE PREPARATION

2.1 ECR PECVD system

The deposition system used in this research is electron cyclotron resonance plasma
enhanced chemical vapor deposition system (ECR-PECVD) [40]. Figure 2.1 gives a

schematic view of this system.
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Figure 2.1 Schematic view of ECR-PECVD system [40].

A divergent magnetic field generated by coils surrounding the plasma excitation
chamber extracts charged species of the plasma from the excitation chamber into the
deposition chamber. The feed-stock gas is introduced in the deposition chamber where the
extracted energetic gas species decompose the feed gas (indirect feed-gas decomposition).
The excitation chamber operates as a microwave cavity resonator. The magnetic flux density

in the excitation chamber is controlled to achieve the circuit motion of electron (ECR) in a
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region inside the excitation chamber. The plasma production efficiency is enhanced by
satisfying the ECR condition, in which the electron cyclotron frequency (the frequency of the
circular motion) is equal to the microwave frequency [41]. More than 70% of the microwave
power is absorbed by the plasma. The microwave power required to sustain stable plasma is
reduced by one order of magnitude with respect to non-magnetically confined plasma. The
frequency of the microwave energy source is 2.45 GHz, which gives a resonance for 874-
Gauss magnetic flux density.

Compared to conventional RF glow discharge, ECR PECVD has the following
advantages [42]: (1) High ion density at sample location: Electrons absorb energy more
efficiently from the microwave source because of the resonance acceleration. Consequently
the plasma is much denser than the rf-plasma. The plasma density N; 1s >10''em”, an order
of magnitude higher than the RF-plasma. (2) Low ion energy: V; = 10 — 50eV. The ion
bombardment with this energy is extremely important for the growth of the film with good
microstructure and other mechanical properties. (3) High degree of gas decomposition and
high concentration of excited species and radicals involved in film formation. Disassociation
rate as high as nearly 100% can be achieved. This improves the gas utilization and
dramatically increases the film growth rate. (4) Low gas pressure: The pressure required to
sustain the plasma is much lower, so the danger of gas-phase reactions i1s minimal. Typical
ECR operational pressure is 10* — 107 Torr. (5) Easy control of the ion density and ion
energy by varying the microwave power and chamber pressure. Additional control over the

ion energy can be achieved by substrate biasing. (6) Lower contamination, due to the absence

of electrodes. (7)Low energy spread.
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2.2 Growth Chemistry
In the ECR PECVD system, there are several reactions near the surface of the
substrate:
e+ SiH; <> SiH;+H"
e +SiH; <> SiH,+H"
e+SiH, ¢<—> SiH +H"
H' +SiHy << SiH;+H;
The dissociation energy for silane molecule to produce SiHj radical is 8.75 eV, and 9.47¢eV is
for SiH and SiH; [28]. It is believed that SiHs is dominant and the most important radicals
(90%). SiH3 has higher surface mobility and low sticking coéfficients. If the content of other
radicals, such as SiHy, SiH; is high in the plasma, the surface will be rough and many
dangling bonds and microvoids will be formed [8].
The standard model of a-Si:H growth is called MGP model. According to Matsuda
[43], Perrin [44] and Gallagher [45], it states that the growth of a-Si:H is limited primarily by
surface diffusion of a radical such SiH;. When this radical finds an open site, it bonds, and H
is eliminated by breaking of Si-H bonds and subsequent cross-linking of neighboring
hydrogen boned to adjacent Si atoms. The schematic diagram of the MGP model is shown in
Fig. 2.2. However, a silyl radical bonded to a surface Si is relatively stable; it is almost like a
silane molecule. There is no reason for a Si-H bond to break from such a surface-bonded
radical at typical growth temperatures, since the bond breaking energy is around 2.5 eV.
Therefore, some other mechanism must be responsible for removing this H. The standard
model also fails to answer questions such as why bombardment with H ions helps to improve

the material, and why low-pressure growth improves the properties of a-(S1,Ge) [30].
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Figure 2.2, Schematic diagram of the growth of Si thin films by elimination of H from
neighboring atoms at the surface. Such surface elimination is unlikely [30].

Dalal [30] improved this model. He suggested that the primary consideration which
determines the growth of high quality a-Si:H and alloy films is not surface diffusions, but
rather the removal of surface hydrogen, and this removal takes place not by reaction between
neighboring H bonded to adjacent Si atoms, but rather by extraction of hydrogen by H
radicals, and H and inert gas ions. A high H dilution leads to a significant concentration of H
ions and radicals impinging on the surface, and these remove bonded H. The H ions also
penetrate deeper into the lattice, and remove some more bulk H. The role of inert gas ions,
such as Ar and He is to break the surface H bonds, thereby creating a dangling bond, and
allowing another silyl radical to insert itself. The inert gas ions do not penetrate deep into the
substrate, but H ions do.

According to Dalal’s model [46], the growth of a-Si:H is not a simple process. In
particular, at least 3 separate steps appear to be necessary for growing good a-Si:H. These
steps are: (1) Removal of surface H; (2) Insertion of a SiHj3 radical into the open bond; (3)

Removal of inter-atomic H and cross-linking of Si. The whole process is shown in Fig. 2.3.
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Fig. 2.3 The growth process for a-Si:H films [46].

If the surface hydrogen is not removed and Si not cross-linked, the bonded Si-H
structure getsi buried, new material grows around it, and a microstructure with a significant
void concentration and clustered silicon-hydrogen bonds form in the lattice. As shown in Fig.
2.4 [47], since both SiH, and SiHj are present in the radicals flux, they both insert in a Si
dangling bond at the surface. After insertion, the result is that some bonds are saturated with
H, and therefore passive, whereas some are still dangling, and therefore active. Thus, the
presence of more than one radical species results in a growth surface with non-uniform
bonds. However, when significant excess of H radicals is present, H homogenizes the

growing surface by first attaching itself to the surface dangling bond, then the next H atoms
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serves to remove the bonded H, and create an active site. And this is true for all the sites;
irrespective of which radical (SiH; or SH3) was bonded at the site. Thus, the presence of H

serves to homogenize the surface.
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Figure 2.4 Influence of hydrogen on homogenization of the surface [47]

The effect of SiH; on the growth of a-Si:H can be shown in Fig. 2.5. In for a uniform
process A with only SiHj3 radicals, first H removes the surface H and leaves open sites, then
SiH; radicals insert to the open sites, then the neighboring Si-H is broken by ion or thermal
energy and atomic H combines (H-H is 435 kJ/mole, Si-H is 300kJ/mole) and removes, and
then cross-linking of Si takes place. Finally, a homogenous surface forms with every
dangling bond being passivated by H. While in process B, both the SiH3 and SiH; radicals
insert to the open sites, after this, some bonds are passivated by H and some are still
dangling. In the future growth, the dangling bond can accept other radicals, and the

passivated bond cannot if the extra H is not extracted, it will be buried by the material



28

growing around it. And a microstructure with a significant void concentration and clustered

silicon-hydrogen bonds could form in the lattice.
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Fig. 2.5 SiH; effect on the growth of a-Si:H films [48]

A chemical annealing process helps to remove the excess H on the surface of the Si
filrﬁ during the deposition through ion impinging. According to chemical annealing
technique, it consists in growing a thin film, typically 15-30 ", and then subjecting it to
bombardment from plasma, and then repeating the cycle. During the ion treatment period, the
highly energetic ions are supposed to break the weak Si-H bonds and take the excess H away
by combining them with the H ions. And this in turn reduces the micro-voids induced by the

excess H and improves the stability of a-Si:H in the future application.
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CHAPTER 3 CHARACTERIZATION

3.1 Film characterization

3.1.1 UV/VIS/NIR Spectroscopy

An ultraviolet/visible/near-infrared (UV/Vis/NIR) spectrophotometer is used to
determine the film thickness and the optical band gap from the absorption coefficient
variations with photon energy. The system used to obtain the UV/Vis/NIR spectra is a split
beam apparatus manufactured by Perkin-Elmer and interfaced to a standard PC. Split-beam
spectrophotometers generate a single monochrorﬁatic light beam that is then split by optics
into two parallel beams of the same incident power. One of the two beams is aimed directly
at photo-detector while the other passes through the sample and substrate. The difference in
transmission is then measured at the photo-detector as the difference in the two beam powers.

The light not transmitted through the sample and collected is either reflected or
absorbed. The substrate also reflects light, and as a result an interference pattern is observed
in the transmission vs. wavelength spectra as shown in figure 3.1. The interference can be
used to determine the thickness of the film by comparing the positions of adjacent peaks or

valleys as in equation 3.1 [49]. In equation 3.1,

= hA)m (3.1)
4, —-4,)n

m=1/2 for peak to peak and 1/4 for peak to valley (Fig. 3.1) and n is the refractive index
of the material. The refractive index varies with wavelength and can be calculated from the
average value of reflection. Growth rate for the sample thus can be obtained diving the

thickness by deposition time, assuming uniform deposition time.
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Figure 3.1 Thickness extfacted by transmission spectroscopy
In addition to the film thickness, the absorption coefficient can be obtained through
UV/Vis/NIR. The absorption coefficient as a function of wavelength can be calculated using
the following expressions for the absorption and transmission as a function of the wavelength

of the incident photons.

T(A) = (1 —-R)e ™™ (3.2)

1. 1
A(A) =log,, 7’— =log,, m (3.3)

where A(A) is called optical density, T(L) is the transmission and t is the thickness of the
film, and a(A) is the absorption coefficient. From (3.2) and (3.3), the absorption coefficient

can be given as

_ In(1— R(4)) + 2.303A(A) (3.4)

a(A)

Once the absorption coefficient is known for a range of wavelengths, the material’s

band gap can be estimated. The optical gap can be approximated as the energy where the
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absorption coefficient is equal to10* cm™, known as the E04 energy. This is a simple method
of estimating the band gap of the material as its determination is made graphically from a
plot of the absorption coefficient o vs. photon energy, such as figure 3.2. Care must be taken
however to account for the reflection interference seen at lower energy values, as the actual
absorption spectra is the difference of the curve traced by the top of the peaks and the curve

formed by the bottoms of troughs caused by interference.
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Figure 3.2 EO4 energy derived from absorption coefficient
The band gap of the material can also estimated using Tauc’s expression, shown in

equation 3.5, which describes the absorption that occurs at photon energies above the E04
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energy. The E,,c energy can be determined by plotting (cthw) " as a function of the energy of

the energy of incident photons, then finding the intercept of that line with the x-axis.
ohw = B(hw - E,,.)* (3.5)
These two approrximations for the material’s band gap should agree, in general, Egyc

is ~0.15 eV less than EO4 for hydrogenated amorphous silicon. A typical plot used for the
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determination of Tauc’s gap is shown in figure 3.3. Tauc’s gap is a more ambiguous measure
of band-gap experimentally as the slope of the linear region is sometimes difficult to
determine. It is important to measure the band gap as deposition parameters change because
it gives an indication to the degree of crystallinity of the material, and the amount of
hydrogen incorporated into the film. The E04 energy is preferable for reporting bandgap data
as it has much less experimental ambiguity, though Tauc gap is closer to the mobility gap,

namely the gap between extended conduction band and extended valence band.
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Figure 3.3 Tauc energy derived from UV/VIS/NIR spectrum

3.1.2 Raman Spectroscopy

Raman spectroscopy is a very useful nondestructive technique for determining the
degree of crystalline quality of the films. In this technique a laser beam is used to illuminate
the specimen. Scattered light is collected by the detector in front of the sample. Most of the
light scattered is of the same frequency as the incident light. This is called Rayleigh

scattering and is not useful in this measurement. Another type of scattering involves
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phonons, which are lattice vibration quanta. In this type of scattering a phonon is either
created or annihilated by the incident photon. It is this type of scattering that produces the
useful Raman spectra. The energy and momentum conservation equations for such a process
are shown in Equation 3.6 and 3.7, where the subscripts s, i, and p refer to scattered, incident,

and phonon, respectively.

ho, =ho, tho, (3.6)

hk, =hk, £ hq, 3.7
In the above equations the minus sign refers to a process that creates a phonon and is called
Stokes scattering; the plus sign refers to a process that destroys a phonon and is called anti-
Stokes scattering.

Photon momentum is very small compared to the width of the phonon Brillouin zone.
Momentum conservation limits the Raman scattering to a very narrow band of allowed
frequencies at the center of the Brillouin zone. For crystalline silicon there is only one active
phonon mode at 520cm™ and hence only one peak at this value in the Raman spectrum [50].
Amorphous silicon can have a variety of phonon modes, with the most intense peak located
at 500cm’™. Therefore from the position and shape of the Raman peak we can determine
whether the material is crystalline, amorphous, or of mixed phases. Figure 3.4 shows the
spectra of a microcrystalline silicon film and an amorphous silicon film.

In addition to the peak position, peak width defined by full width at half maximum
(FWHM) is a very useful parameter for the Raman spectrum. It gives an indication of the
crystalline quality of the material. As the material becomes disordered, relaxation of the

momentum conservation limitation on the phonon mode occurs. As a result, the Raman peak
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begins to broaden. By looking at the change in peak width of a film with respect to the

germanium wafer, the crystalline quality of the film can be evaluated.
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Figure 3.4 Raman spectrums of ¢-Si (top), a-Si (middle) and nc-Si (bottom)
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3.1.3 X-Ray Diffractometry

Crystalline material is composed of atoms arranged in a periodic lattice structure. The
atoms can be viewed as being on a series of evenly spaced parallel planes. When X-ray is
incident on the material, diffraction pattern can be produced by the planes since the spacing
of these planes is close to the wavelength of the X-ray. Peaks appear at angles satisfying
Bragg’s law

nA=2dsind (3.8)
where A is the wavelength of the X-ray, d is the spacing of the planes and A is the angle
between the incident beam and the surface of the sample. The peaks are the result of
constructive addition of the waves reflected by the planes. Since A can be precisely
determined and A is known, d can be accurately obtained. For cubic system, the lattice
constant a is then calculated from the equation

_*
VR + k% + 1

where h, k and 1 are Miller indices of the plane.

d= (3.9)

The typical X-ray diffraction patterns of a-Si, c-Si, and nc-Si are shown in Figure 3.5.
From the above discussion we can see X-rays can also be used as a way to determine whether
or not there is crystalline phase in the material by observing whether or not peaks appear at
specific angles because only crystalline materials have periodic lattice and therefore clearly

defined planes. Furthermore, grain size of the material can be estimated from the width of the

peaks using Scherer’s formula [51],

094 (3.10)
B cos 0,



36

where 1 is the x-ray wavelength, B is the full width at half maximum and 8p is the diffraction
angle. Although the grain size thus obtained is only a rough estimation, comparisons between
different samples can be made. Further information about the samples can be obtained
regarding texture, strain and preferred orientation by the relative intensities of different

peaks. A schematic diagram of the calculation of grain size based on Scherer’s formula is

provided in Fig. 3.6.
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Figure 3.5 X-ray diffraction spectra for nc-Si(a) [52], a-Si(b), and c-Si (c) [53]
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Figure 3.6 Schematic diagram of Scherer’s formula [51]

3.1.4 Activation Energy
The conductivity of a semiconductor is proportional to the number of carriers

available to transport charge from one reservoir to another, such as from one ohmic contact
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to another located some distance away. Since the intrinsic concentration of carriers is
dependent upon temperature, conductivity should vary with the material temperature
according to an Arrhenius relationship. Using the definition of conductivity equation, it is
easy to relate the conductivity of a semiconductor under steady bias to temperature though
equation 3.11, where E, is activation energy, k is Boltzman’s constant, T is the temperature

in Kelvin, and oy the baseline conductivity, or pre-exponential factor.

__EA

o =0,e" @1

For amorphous, lightly doped semiconductors, the vast majority of electrons will be located
in states at or below the Fermi energy and since it is these carriers that need to be energized
into the conduction band for current to flow, EA is a measure of the location of the Fermi
energy in these matenals.

When measuring this parameter, the sample is placed on a heated aluminum block
and a spring-loaded contact is placed on each side of the coplanar contacts described earlier.
The sample is then sealed in a light impervious box and heated to ~ 210°C and then a 100V
bias applies. Current measurements are taken from 210°C to 130°C in 10 degree increments
and then Ln(I) is plotted vs. 1/T. This plot is then modeled by linear regression and the slope
of that line multiplied by K to determine the activation energy. High quality a-Si:H materials
typically exhibit activation energies approximately 0.9 eV, while a-(Si,Ge):H materials

exhibit activation energies of approximately one-half their Eo4 bandgap.
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3.1.5 Photo and Dark Conductivity Measurements

Determining the suitability of hydrogenated group IV alloy thin films for electronic
applications begins by examining the conductivity of the material under illumination and
comparing it to the material’s conductivity under dark conditions.

This ratio of conductivity is known as the photosensitivity of the material and is a
general indication to the quality of the material as high quality a-Si:H has a photosensitivity
greater than 10°, a-(Si,Ge):H with an E04 gapof 1.5 ev is ~10?, and doped crystalline silicon
or germanium should be ~1. A large increase in the absolute conductivity of the material
should be seen as crystalline nature of the material varies from amorphous to single crystal
material as the carrier concentration, mobility and lifetimes of the crystalline material are
much greater than the amorphous material.

The light and dark conductivity measurements are performed in an apparatus
consisting of a large aluminum heat sink cooled by a fan placed in a light impervious box.
Two spring-loaded probes are then placed on the co-planar metallic contacts described in the
contact deposition section. These probes are connected to a Keithly 617 electrometer and a
Keithly 230 voltage source to supply a 100V bias between the two coplanar contacts and
measure the small resulting current. Steel panels and an aluminum door sealed with Velcro
and magnets enclose the sample and heat sink to form the light-tight box that prevents light
from striking the during the dark conductivity measurement. The photo current is measured
by turning on a quartz lamp directly above the sample that has a calibrated aperture between
itself and sample so that 100 mW/cm?2 is incident upon the sample, which is the standard AM

1.5 illumination that is reported in literature for photoconductivity.
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The conductivity is calculated as shown in equation 3.12 by multiplying the width
between the coplanar contacts (W) with the current measured (I) during the test.

WI
OLp=—— 3.12
A G.12)

This product is then divided by the product of the contact length, applied voltage, and the

film thickness. For these experiments, the ratio of L/W was 20.

3.1.6 Fourier transform infrared spectroscopy

Fourier-transform infrared spectroscopy is a very informative tool to detect the
composition, the microstructure, and the content of materials. It is used here to determine the
H content and the silicon-hydrogen bonding configurations.

When photons in the mid infrared range with wavelengths ranging from5 to 50 pm
are incident on a hydrogenated silicon film, the photons may be directly absorbed at the band
features, by phonons, free charge carriers, or impurities. In the mid-infrared region, the
interaction with the sample results in rotational and vibration transitions of the molecules.
The wavelength of the absorption peak corresponds-to specific chemical bond and mass of
atoms. The spectral distribution of the absorption peaks of various silicon-hydrogen boning
modes has been identified by Brodsky et al [54] and can be roughly categorized into three
modes: (1) the Si-H and Si-H; stretching mode (2000—21000m'1), (2) the SiH; and SiH; bond
bending scissors mode (840—89Ocm'1), and (3) the Si-H wagging mode (640 cm'l).

The most common method to calculate hydrogen content has been proposed by

Brodsky, Cardona and Cuomo (BCC) [55]. Double-side polished Si wafers were used for



41

original IR study, which prevents diffuse reflection from the backside of the substrate. The
following equation gives the hydrogen content in a-Si:H [56]:

a(w) (3.13)

N, =A] dw

where A is an experimentally determined constant and for wagging mode is 1.6x10" (cm™),
a(w) is the absorption coefficient at angular frequency ®. The integral extends over the

whole 640cm™ absorption peak.

3.1.7 Urbach energy

Urbach energy of valence band tails and mid-gap defect densities are important
parameters for determining the performance of a-Si:H devices. In particular, the tail states
limit the movement of level upon light excitation, and thereby provide a limit to open-circuit
voltage that can be developed in an a-Si:H solar cell. The mid-gap states provides a very
effective recombination-mechanism for excess carriers, and thus tend to limit the diffusion
length of minority carriers, and hence fill factor and open circuit voltage in solar cells. A high
density of mid-gap states also reduces the electric field in the middle of the device, thereby
reducing the range (ute) of the minority carriers.

Since Urbach energy is a good measure of the material quality and a good quality
material should have lower Urbach energy, many methods have been explored to measure it.
The traditional way to measure Urbach energy of films is based on sub-gap
photoconductivity techniques, which rely on optical excitation from these states, into

conduction band and then measuring photoconductivity of the material versus wavelength of

light.
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This measurement relies on the dual-beam photoconductivity technique developed by
Wronski et al. [57], where a strong _DC beam is used to fix the quasi-Fermi levels of the
material, keeping available states in the mid-gap region filled with photo-generated carriers.
The second beam is an AC beam fixed at 13.5 Hz by a chopper to remove noise associated
with the 60 Hz current used to power the equipment. The beam from the light source is then
modified by diffraction grating in a monochrometer to produce a narrow wavelength
spectrum that is then aimed at the film between the coplanar contacts to supply additional
carriers and increase the material’s conductivity. The AC beam, after passing through the
monochrometer and chopper, passes through a series of high pass filters to reduce the
harmonic frequencies associated with the beam exiting the monochrometer, and to prevent
low-wavelength light from reaching the sample until it is desired. The wavelengths used for
typical a-Si:H characterization varies from 1200 nm to 600 nm, and filters with roll-off
frequencies of 700 nm, 900 nm, and 1200 nm are used. A schematic of the device used in the

dual-beam photoconductivity technique is shown as Fig. 3.7.

Lens Mirrors
DC
Source Monochrometer O C“”‘> l / Light
| | —>
Sample
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Triax Cables Eﬁ'
Lock-in
Amplifier S.B

Figure 3.7 Apparatus for measuring QE using two-beam photocurrent technique
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The AC light beam is collimated through lenses and focused onto the sample by a
mirror. The care taken to ensure the quality of this AC beam is critical, as the additional
current generated by it is measured with a lock-in amplifier to determine the absorption
coefficient as a function of photon wavelength. From this absorption coefficient data, the
Urbach energy (E.;) can be determined from equation 3.14, where E, is the band-gap, & is
Planck’s constant and v the wavelength.

hv—E
a=aQ, €Xp—E—g (3.14)

The inverse slop of the natural logarithm of absorption coefficient o versus photon energy
gives us the Urbach energy. For a good sample, the Urbach energy is in the range of 45meV,

while for a bad sample the Urbach energy is usually larger than 50meV[42].

3.2 Device Characterization

3.2.1 I-V Curve

The performance of a solar cell under illumination can be described by current
voltage dependence. A typical current-voltage current of a p-i-n solar cell under illumination
is shown in Fig 3.8. From the equivalent circuit was shown in Fig 1.3, we can use three
parameters that give a rather complete description of the electrical behavior.

From the equivalent circuit, the current-voltage characteristics of the device is given by

qV

J(V)=1J [e —1]1-T,(V) (3.15)
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where J(V) is the current J at voltage V, J; is the reverse saturation current, q is the
electronic charge, A is the diode factor, K is Boltzman’s constant, T is the temperature and J;.

is the light generated current.

e e okl i i i S i b

0

Figure 3.8 I-V Curve of an illuminated p-i-n diode [3]

The first parameter is the short circuit current Ji, which is the current of the cell
under illumination for V=0, i.e., in the equivalent circuit, the load is taken away and the loop
to hold the load is thus open. In this circumstance, the Js.= J1.(0).

J1, the photo-generated current, or the short-circuit current, depends on the spectrum

of the incident light, the materials response to the light and the collection efficiency. It can be

written as
J, =q j (1- R)Q(E)S(E)dE (3.16)

where R is the reflection coefficient, S(E) is the spectrum of the light source and Q(E) is the

collection efficiency of the cell.
A high short circuit current requires good material quality and an optimal design of

the cell to absorb and trap as many incident photons as possible.
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The second parameter is the open-circuit voltage Vo, Which is obtained for J(V)=0,
i.e., in the equivalent circuit, the loop with the load now is short.
From (3.15), Voc can be expressed as

AKT . J
1% =——1n(J—L+1) (3.17)

oc
q s

For a diode junction dominated by depletion, the saturation current can be defined as

[58]
=2V (3.18)
2T
-E
where n, =4 N.N, exp(—2), (3.19)
2KT
So, Voc can be defined as:
KT . J KT qW E
V ==——In(L)=—/In(J,)~In < IN-N,)H+—% (3.20
“=7 (J,-) q[(L) (27\/ ) 2q( )

where n; is the intrinsic carrier density, E, is the band gap, Wy is the depletion width of the
junction. From (3.20), it can be shown that E; is a dominant factor to decide Vo, while
lifetime and thickness affect the open-circuit as well. Typically, a well-designed a-Si:H solar
cell can provide a open-circuit voltage in the order of 0.9V. A high open-circuit voltage
requires efficient doping in the p+ and n+ layers (which gives higher built-in voltage), a high
bandgap and also good interface.

The third parameter is fill factor (FF). The maximum possible current and the
maximum possible voltage in the solar cell are I and V., respectively. Fill factor provides

the ratio between the real optimum output power Pmax (=ImXVy) and the ideal optimum

output power P (=L;cxXV,), and it is defined as
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FF = Ynln (3.21)
1.V

sC° oc

Therefore, the larger the FF is, the more “square-like” the current-voltage is. The fill
factor provides an indication of the quality of the materials used in the i-layer, and how well
the solar cell is designed. A high fill factor needs low loss of photogenerated carriers in the I-
layer and at the interfaces, strong electric field in the i-layer, and a good ohmic contact. High
quality a-Si:H solar cells with proper p-i interface designs have fill factor values of about
65% to 70%.

Based on Voc, Isc, and FF, the energy-conversion efficiency n of the solar cell can be
calculated. It is defined by the ratio of maximum power that is extracted from the cell to the
total illumination power. The equation is

FFV, I
=S eetsc (3.22)

R,
where Pj, is the total incident power of the photons. In this project, the area of the cells is

around 0.08 cm2, the light source used for I-V measurement is an ELH lamp operating at

115V, 2.4A.

3.2.2 Quantum efficiency

The quantum efficiency (QE) measurement is another useful diagnostic tool to
characterize the performance of solar cells. Quantum efficiency is defined as the ratio of the

number of charge collected to the number of photons incident on the sample at a particular

wavelength.
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Considering a p-i-n diode, if the incident photons are from the p+ layer, the equation

to descript the QE is

1

OE (A, V)= [a(l)e™e ™" dx (23
where o is the absorption coefficient and it is a function of photon wavelength A, W is the
carriers’ mobility, and T is the carriers’ lifetime, t is the thickness for i layer, and € (y) is the
electric field at point y.

To measure QE, the setup used is shown in Fig 3.8. The sample under test can be
biased at forward or reverse voltages or be grounded. Normally, the device currents are
measured over the visible wavelength range of 400nm<A<800nm, at steps of 20nm, since this
range covers the major portion of the solar spectrum to which the material responds. The
forward and reverse bias voltages can be applied to the cell to simulate operation conditions
and to enhance the internal electric field, respectively.

QE measured at zero bias voltage provides important information about the cell. The
thickness of the p+ layer by looking at the QE values at short wavelengths (400nm) can be
intuitively checked. Too thick a p+ layer would lead to a very low QE value and too thin a p+
layer would result in unreasonably high QE. The generally accepted QE value at short
wavelength is about 0.5-0.6 for a 10nm thick p+ layer. QE values at long wavelengths
(~700nm) tell us about the collection efficiency for long wavelength photons. This is affected
by the reflection due to the texture of the substrate. It is also affected by the material quality
of i-layer. Finally the position of the maximum QE in the spectrum is usually associated with
the thickness of i-layer. When the thickness of i-layer is reduced, the maximum QE position

will shifts towards shorter wavelengths. For a cell with about 350nm of i-layer, the maximum
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QE point is located at ~540-600 nm. Figure 3.9 gives a typical QE spectrum of a-Si:H solar

cells.
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Figure 3.9 QE spectrum of an a-Si:H solar cell

QE measured under bias can tell us about the electric filed profile inside the cell.
When the solar cell is under forward bias, the internal electric field is reduced. As a result,
the carrier collection efficiency (especially of those created away from the p-1 interface) is
reduced since the carrier collection of a-Si:H solar cell relies on the assistance of the electric
field because of low ut products, and therefore diffusion lengths for higher wavelengths. The
electric field enhances the effective carrier diffusion length (for nanocrystalline device) or
range (i.e. ute, for amorphous device). For a high quality solar cell, the internal electric field
is so strong that a small forward bias applied to the cell will not affect the carrier collection
efficiency to a great extent.

The ratio of the QE (A) values under zero to positive bias can provide information
about how well the device absorbs and collects the photons of various wavelengths at various

locations in the cell. Since the photons are incident on the p-layer, the lower energy photons
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are absorbed further from the p-layer than the higher energy photons. As a result, these
photogenerated holes must drift further across the i-layer before they are collected in the p
layer. If the QE ratio at these wavelengths is high, it is an indication that the holes were being
generated but were not being collected without the extra field-assist provided by the negative
bias. Low QE ratio indicates that the material is of high enough quality to collect the holes
even at positive bias. Also if the ratio is high at shorter wavelengths, the problem can be
pinned on the p-layer or p-i interface. Figure 3.10 gives two QE ratio curves. One is from a

good quality a-Si:H solar cell and the other is from a poor cell.
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Figure 3.10 QE ratio of a-Si:H solar cells
From this figure, it can be seen that the QE ratio of good cell is almost equal to one
through all the wavelengths, which means that external positive bias has very small impact
on the carriers’ collection, and the cell has strong enough internal electrical field to collect
the generated carriers even under a positive bias. However, for the poor cell, the QE ratio
keeps increasing with the wavelength, and this tells that the cell encounters problem with

carrier collection, especially in long wavelength region. The increased QE ratio indicates a
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poor internal electrical field, thus poor quality of the cell. The poor internal electrical field
can easily be affected by the external positive bias, and this in turn damages the
transportation of the generated carriers in the intrinsic layer of the cell, and correspondingly,

QE ratio increases.

3.2.3 Hole pt product

The pt product of holes is a very important parameter for devices. At the most of
condition, the holes are minority carriers in solar cells except the region of p-i interface. It is
the quantity that primarily determines the fill factor and the behavior of the QE ratio of the
cell. Large pt product means that the holes can drift longer with the assistant of the internal
field and be collected by the p+ layer before they are trapped and recombined. From equation
3.23, it can be seen that QE is closely related to the hole range, ute. QE value can be
obtained by measurement mentioned above, and the thickness of the 1 layer, absorption
coefficient can be measured as well. If the electric field is known, the pt product then can be
derived from equation 3.23.

There are various methods of obtaining the electric field profile. Hack and Shur
profiled the electric field successfully using a computer model [59]. This model includes a
boundary condition at the interface, and requires a numerical integration of the defect density
profile over a range of energy, and then the electric field profile is written as a function of
distance, through the voltage and distance relationship. It shows that the electric field is high
near the interface and drops down quickly in the middle. Since the electric field near the
interface of p-i contributes little to the carriers’ collection, and only the electric field in the

bulk of the I-layer plays major role, Greg Baldwin used a simper version of this model,
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where no boundary condition is used, and electric field can be obtained directly from an
expression of voltage [60]. Figure 3.11 gives a simulated electrical field profiles in p-i-n

diode based on H&S model [59].
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Figure 3.11 Simulated electric field profiles in p-i-n diode for varying values of the carrier
band nobilities [59].

Although these models profiled the field more accurately, they are not simple to use
for device design and pt product calculation, and since the field values cannot be obtained
directly as a function of distance and there is no closed form expression for the electric field,
the calculation can become very complicated. In general, a uniform field approximation is
used. Dalal and Alvarez used a uniform electric field approximation by divided the sum of
the applied and diffusion voltage by the thickness of i-layer [61]. Crandall also used a similar
approximation to obtain the filed profile [62]. In calculation this average uniform field, the

influence of strong fields at interface (and therefore volt drops) as shown by H & S model is

included.
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If a constant electric field were applied, the equation 3.23 would be [61]:

as, _t
QE(/l)—HaS [1—exp( 3 (d+as5, )]  (3.24)

where S,=pte is the range of holes.

The basic principle of the measurement is therefore simple [61]. We measure the
quantum efficiency of the device for several wavelengths, as a function of applied voltage.
Under reverse bias, the QE increases, and under forward bias, it decreases. If we assume that
ut doesn’t change with bias voltage and wavelength, the QE variation solely comes from the
change of the electric filed profile. Under one specific wavelength, under different bias, we
get a set of points from the measurement. Concurrently, by employing the biases (i.e. electric
field) into equation 3.24, we can get another set of data if the ut is known. With the trial and
error method, a suitable put can be picked up to let the measurement curve match the
simulation curve, and this put product is the desired one. In the measurement, long
wavelengths such as 600nm-800nm should be applied. For the short wavelength, most of the
photons are absorbed near the p-i interface, where the recombination becomes important and
the model is not hold. The model requires that all wavelengths must yield the some pt

product. Figure 3.12 gives ut product measurement result of one a-Si:H cell based on the

procedures mentioned above.
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Figure 3.12 ut measurement of a-Si:H solar cell

3.2.4 Urbach energy

The characterization of devices’ urbach energy follows the similar procedure
described in chapter 3.2.2 which is designed for the quantum efficiency. The only different
between the QE measurement and urbach energy measurement is that ufbach energy 1s
measured in a long photon wavelength range, normally from 600nm to 1200nm for a-Si. A
long wavelength range is applied in order to pick up the tail state information. From equation
3.23, it can be seen that QE is a function of absorption coefficient. Therefore the QE versus
photon energy measurement gives the relation between absorption coefficient and photon
energy, and follows the equation 3.14 as well. The urbach energy from devices is obtained by
the inverse slop of the natural logarithm of QE data versus photon energy.

Figure 3.13 gives the Urbach energy measurement result of one a-Si:H solar cell

based on the mcthod mentioned above and the obtained value is 47meV.
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Figure 3.13 Urbach energy measurement of a-Si:H cell
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CHAPTER 4 FILMS RESULTS

4.1 He Plasma Sample

4.1.1 Microstructure properties

It has been shown that the amorphous films become more ordered when they are
subjected to H plasma [63]. However, in the work with He plasma, it is found that when we
increased the cycle time for annealing, the microstructure of the materials changed
significantly; the films became nanocrystalline as measured using Raman spectroscopy and
x-ray diffraction.

The deposition parameter in each cycle is shown as follows:

He SiHy ppm TMB H,(1)
Growth period time  (t1) 25% 15% 15% 10%
Annealing period time (t2) 25% 0% 15% 0%

Figure 4.1 shows the schematic view of chemical annealing process.

&

SiH, flow 3” ! l

He flow

Time

Figure 4.1 schematic view of chemical annealing process
The reason that H, from intrinsic line is introduced is that previous work shows the
necessity for having both H and He present to prepare good films [30]. The measurements of

one sequence films are provided in Table 4.1
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Table 4.1 X-ray and Raman measurement for He CA films

Sample Temperature Pressure t1/t2 Thickness  Grain size Grain size 520cm™/490cm™
No °C) (mT) (um) (111) (220)  peak ratio

8287 315 15 10s/10s 0.85 N/A N/A N/A

8285 315 15 10s/20s 1.0 88 54 3.09

8286 315 15 10s/30s 1.1 82 59 3.33

8304 315 15 10s/40s 1.1 91 67 3.6

8305 315 15 10s/50s 1.0 95 65 3.63

X-ray diffraction

From table 4.1, it shows that a dominate grain size in <111> direction than <220>.
The corresponding X-ray data shown in Fig.4.2 gives a sharper <111>peak than <220> peak.
We know that higher the ratio of 520cm™ peak over 490cm™ peak in Raman spectrum for
nanocrystalline silicon films, the more crystalline tissue is introduced. From the values
shown in table 4.1, it can be seen that the crystalline tissue increases as the annealing time

increases. Moreover, it shows that a 10 second annealing time in each cycle is not enough to

give crystalline tissue.
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Figure 4.2 X-ray spectra for 8285-8287, sharp peak at 45°C is due to steel substrate.
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Raman Spectra

Raman spectra for these samples are shown in Figure 4.3. 2-8287 was subjected to
10s anneal and shows amorphous structure. 2-8285 was subjected to 20s annealing and
shows a significant crystalline fraction. Figure 4.4 shows the Raman peak ratio as a function

of annealing time. The peak ratio is of ¢c-Si peak at 520 cm™' to a-Si shoulder at 490 cm™.
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Figure 4.3, Raman spectrums for He CA films, top is amorphous and bottom is
nanocrystalline structure.
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Figure 4.4, Raman peak ratio as a function of annealing time.

H bonding

We studied the hydrogen bonding in these materials by growing layers on polished Si
wafers. In Fig. 4.5, we show the FTIR absorption data on three films, a layer-by-layer film
subjected to a short (10s) anneal cycle, a film subjected to a 20s annealing cycle, and a film
subjected to 30 s annealing cycle. It is very clear from the data that the film subjected to a
short cycle shows the classical FTIR signature of a prominent Si-H absorption peak at 2000
cm’, whereas the film subjected to a longer cycle (20s and 30s) also shows that the
characteristic 2100 cm™ peak generally found in nc-Si:H increases. This peak is attributed to
bonding at grain boundaries. Thus the H bonding data agree with the X-ray and Raman data.
Another significant difference is the peak area at 640 cm”. A 10s annealing cycle gives a
higher peak area than 20s and 30s annealing cycles. This correspond to a higher hydrogen
content in 10s annealing cycle (Cpug=12.7%) than 20s (Cu%=7.06%) and 30s annealing cycles
(Cue=7.03%). We know that the higher the crystallinity fraction in film, the lower the

hydrogen content. Therefore this agrees with the X-ray and Raman data again.
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Figure 4.5 FTIR spectra for He CA films.

Since the crystallinity fraction increases with the relative annealing time, we can
achieve the same result by decreasing the growth time in each cycle to 8 seconds while keep
the annealing time constant. It was found that the ratio of 520cm™ peak over 490 cm™ peaks
in Raman spectrum increases, which means a higher crystalline fraction. This result is shown

in Table 4.2.

Table 4.2 X-ray and FTIR measurement for He CA films

Sample Temperature Pressure t1/t2 Thickness  Grain size Grain size 520cm’ 1/490cm™”
No (°C) 1 (mT) (um) (111) (220) peak ratio

8298 315 15 8s/10s  0.95 33 26 1.47

8296 315 15 8s/20s 0.9 75 47 3.35

8297 315 15 8s/30s  1.05 93 60 3.57
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Another set of films deposited at the same condition as 4.2 but having a larger
thickness was prepared. It is found that the ratio of 520cm™ peak over 490 cmf1 peaks in
Raman spectrum is not changed significantly. Thus the thickness effect is very small in
determining the microstructure structure. The results are shown in Table 4.3

Table 4.3 X-ray and FTIR measurement for He CA films

Sample Temperature Pressure  t1/t2 Thickness  Grain size Grain size 520cm’/490cm™
No (°C) 1 (mT) (um) (111 (220)  peak ratio
8303 315 15 8s/10s 1.5 31 32 1.43

8299 315 15 8s/20s 1.5 65 59 342

8301 315 15 8s/30s 1.6 68 49 3.62

The pressure effect is also checked. An increased pressure is supposed to introduce
smaller ion energy and this is equivalent to decreasing the annealing time. Therefore a
smaller crystallinity fraction is supposed to appear. A pressure of 25mT is applied in the
deposition. Compared the peak ratio shown in Table 4.2, a smaller peak ratio was shown for
the films deposited at higher pressure. This result is shown in Table 4.4.

Table 4.4 X-ray and FTIR measurement for He CA films

Sample Temperature Pressure t1/t2 Thickness  Grain size Grain size 520cm /490cm’™
No °C) 1 (mT) (um) (111 220) peak ratio

8323 315 25 8s/10s  1.01 N/A N/A 1

8324 315 25 8s/20s  1.07 62 43 3.07

8325 315 25 8s/30s 1.06 - 97 56 3.49
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Discussions

It has generally been assumed that one needs the reactive etching effect of H plasma
in order to convert an amorphous film into a crystalline film, whether in layer-by-layer
growth or by continuous deposition, where one achieves a similar effect by using high
dilution ratios in hydrogen/silane mixtures. It is generally found that one needs a high
dilution ratio (~20:1) to obtain good crystallinity in continuously grown Si films. As
mentioned above, S. Miyazaki et al. [61] reported the amorphous films become more ordered
when they are subjected to H plasma. In addition, W. Futako [37] et al. reported the similar
result.

In contrast to these results, we induced crystallinity in a-Si:H films by using a non-
reactive helium ion beam. We also found that when a hydrogen plasma beam was used
instead of a helium beam during deposition and annealing, the resulting films did not become
nanocrystalline under comparable annealing cycles. The results of hydrogen plasma samples
are provided‘ in chapter 4.2.1.

These results are remarkable, because they contradict the generally accepted
assumption that high hydrogen dilutions are needed to crystallize the amorphous films.
Instead, what we have shown is that it is the ion flux and energy in a beam that is responsible
for crystallization, and that the residual hydrogen in an a-Si:H films is enough to cause any
reactivity, such as removal of excess hydrogen from deep within the lattice. The
reconstruction of bonds to a more ordered state seems to depend on the presence of ion flux
and energy. Note that in the previous work of Miyazaki et al [63], an experiment with a He
beam was not done; it is entirely possible that in their case also, it was the ion energy of a

hydrogen plasma that was causing better ordering, rather than any reactivity. The present
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results support the recent results from our group which showed that at low pressures in a
VHF plasma reactor (50 mTorr), one could obtain crystallization of amorphous films at much
lower hydrogen dilution ratios (12:1) than normally used (20:1) , but that at higher pressures
(200 mTorr and 500 mTorr), one needed the higher hydrogen dilution ratios [64].

These interesting results shown above contradict virtually all the pervious results
which ascribe the crystallization phenomenon solely‘ to the presence of excess hydrogen by a
reactive etching effect. Rather, it may be a combination of ion bombardment and reactive
etching which may be causing the crystallizat.ion of amorphous films when high hydrogen

dilution is used.

4.1.2 Electrical properties

The deposition parameters of He CA films and non CA films are provided as follows.

Since an annealing time larger than 10s gives a nanocrystalline structure, the annealing time

is set to 10s.

Pressure Temp He (p) Ha(p) SiHs(i) ppm TMB

He Non CA 25mT 325°C 50% 10% 10% 15%

He CA P Temp He(p) Ho(p) SiHiG) ppmIMB H(i)
Growth time (10s) 25mT  325°C 50% 10% 10% 30% 10%
Anneal time (10s) 24mT  325°C 50% 10% 5% 30% 10%

It should be noted that H; (p) means a 10% hydrogen from plasma line of the PE
CVD system, and H; (i) means 10% hydrogen from intrinsic line. As mentioned above, it is

necessary to have both H and He present to prepare good films. So 10% hydrogen from
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plasma line was introduced. 10% hydrogen from intrinsic line was introduced because this
will help flush out the SiH4 gas during annealing period and decrease the switch time
between growth period and annealing period. During the growth period, the pressure is 25mT
and it is 23mT for annealing period.

Comprehensive measurements are carried out, which includes stability, conductivity,
E04, Tauc energy, activation energy, Urbach energy, midgap absorption coefficient. Table
4.5 gives the summary of these properties of He non CA films and He CA films.

Table 4.5, properties of He films.

Sample  Photo- Dark- PC/DC Activation Urbach Midgap EO04 Tauc

No Conductivity Conductivity Energy Energy Abs. (eV) (eV)
(U/(Q.cm))  (1/(Q.cm)) (eV) (meV) (cm™)

8903 5.77E-5 1.36E-10 423E5 0.78 45 0.5 1.91 1.72

Non-CA

8988 4.56E-5 1.02E-10 447E5 0.78 42 0.25 1.91 1.74

CA

From Table 4.5, we can see that He Non CA film has comparable properties with He
CA films. Stability of the He films is checked by subjecting the films to a one sun
illumination. The photoconductivity of the films decreases as the light soaking is going on.
The plot of photoconductivity of He films versus light soaking time is shown in Figure 4.6.

It is apparent that He CA film exhibits a smaller degradation rate than He non CA
film, which means that chemical annealing technique does improve the stability of the a-Si:
H. In the meanwhile, their electrical properties can be very close shown in Table 4.5.

However, the differences in film properties are small.
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Figure 4.6 Degradation of He films.

4.2 H, Plasma Sample

4.2.1 Microstructure information

Films produced using hydrogen plasma annealing was prepared as well. It is found
that there is no difference in crystallinity as the annealing time changes. The Raman still
shows an amorphous structure even when a 60s annealing time was applied (see Fig. 4.7).
The deposition parameters of the H, CA films are provided as follows. Table 4.6 gives the X-

ray and Raman results for H, CA films.

Temp Pressure H; (p) SiH4 (1) T™B
Growth time (t1) 340°C 15mT 60% 15% 15%
Anneal time (t2) 340°C 10mT 60% 0% 15%

The Raman data for 8317 which was deposited under an annealing time of 60s is
provided in Figure 4.7. From this figure we can see that it is still amorphous structure even
when annealing time is 60s. This is quite different from He CA, where a crystalline structure

appears when annealing time is more than 10s.
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Table 4.6, X-ray and Raman measurements for H, CA films

Sample Temperature Pressure t1/t2 Thickness  Grain size Grain size 520cm /490cm
No CC) 1 (mT) (um) <111> <220>  peak ratio

8290 340 15 10s/10s  0.52 N/A N/A 1

8288 340 15 10s/20s 0.71 N/A N/A 1

8289 340 15 10s/30s  1.25 N/A N/A 1

8313 340 15 8s/30s 1.19 N/A N/A 1

8317 340 15 8s/60s 1.14 N/A N/A 1

1000 -

Intensity

120 320 520 720 920

Wavenumber (cm™)

Figure 4.7 Raman spectra for H, CA film with an annealing time of 60s.
And the X-ray data for 8317 is shown in Figure 4.8. It can be seen that there is no
peak from the sample except one from the steel substrate, which is consistent with the Raman

data and tells that 8317 is amorphous structure.
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Figure 4.8, X-ray spectra for 8317, the sharp peak at 45°C is from steel substrate.

4.2.2 Electrical properties

The deposition parameters of H, CA films and non CA films are provided as follows.
And the annealing time is 10s. The parameter of H, Non CA is:
Pressure Temp H>(p) SiH4 (1) ppm TMB
15mT 325°C 60% 15% 25%
And the parameter for H, CA is:
Temp  Ha(p) SiH4(i)) ppmTMB H2(i)
Growth time  (10s) 325°C 60% 15% 36% 10%
Annealing time (10s) 325°C  60% 0% 36% 10%
As mentioned above, 10% hydrogen from intrinsic line was introduced because this
will help flush out the SiH, gas during annealing period and decrease the switch time
between growth period and annealing period. During the growth period, the pressure is 15mT

and it is 13mT for annealing period.



67

Like He films, stability, conductivity, Egs, Tauc energy, activation energy, Urbach
energy, and midgap absorption coefficient are measured for H, films. Table 4.7 gives the
summary of the properties of H, non CA films and He CA films.

Table 4.7, properties of He films.

Sample  Photo- Dark- PC/DC Activation Urbach Midgap Eg Tauc

No Conductivity Conductivity Energy Energy Abs. (eV) (eV)
(U(Q.cm))  (1/(Q.cm)) (eV) (meV) (cm™)

8904 5.1E-6 4.58E-11 L.11IE5S  0.77 45 0.5 1.88 1.70

Non-CA

9022 2.7E-6 2.07E-11 1.30ES 0.8 43 0.3 1.85 1.70

CA

H, non CA film shows comparable properties with H, CA films in Table 4.6.
Stability of the H, films is checked by subjecting the films to a one sun illumination. The
photoconductivity of the films decreases as the light soaking is going on. The plot of

photoconductivity of He films versus light soaking time is shown in Figure 4.9.

Degradation of H, Films
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Figure 4.9, Degradation of Hj films upon light illumination

From Fig. 4.9, it can be seen that H, CA film exhibits a smaller degradation rate than

H; non CA film, and the chemical annealing technique also works for hydrogen films.
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CHAPTER 5 DEVICES RESULTS

5.1 He Plasma Devices

5.1.1 He Non CA devices

In order to obtain He Non CA devices with good performance, careful comparison
experiments were developed. Among them, the most important factors are: pressure, TMB
grading, deposition temperature and hydrogen addition.

Pressure is a very important factor in producing He devices. It is reported that too
much ion impinging can actually causes damage to the lattice during growth and this in turn
results in a decreased carriers’ mobility in solar cells [30]. Since He ion has a higher ion
energy than H ion, the pressure for preparing He cells can not be as low as hydrogen cells.
Here a comparison experiment is shown. Two samples are deposited in the same parameter

except that one is finished at 25mT and another 1s done at 15mT.

14 o 8522, P=15mT

1.2 3 8521, P=25mT
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Figure 5.1, pressure effect on the performance of He Non CA cells
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From Fig. 5.1, we can see that the sample prepared at 25mT shows a much higher Fill
Factor than does the sample prepared at 15mT, which confirms that a too low pressure does
harm to the cells’ performance.

Hydrogen is reported to play a very important role in producing a-Si:H when inert gas
such as Ar or He is used as plasma gas[30]. It is thought that it is necessary to have both H
and Ar present to prepare good a-Si:H films. This observation is explained by Ar or He
breaking the surface bonds, and H playing a role in enhancing radical selectivity, and surface
homogenization and reconfiguration of the subsurface bonds during growth. Therefore, it can
be thought that Ar or He plasma dissociate silane efficiently, giving high growth rates, and
Ar (or He) and H ions play a role in improving the growth chemistry. Two comparison
samples are prepared. All the parameters are the same for these two devices except the

amount of the hydrogen which is introduced from plasma line of the PE CVD system.
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Figure 5.2, I-V curves corresponding to different hydrogen flow rate
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It is apparent that when 10% hydrogen is introduced, the Voc increased a little which
result in a little bit decrease of short circuit current. However, the FF factor of this sample is
much higher (65%) than that of the sample deposited without hydrogen present (FF=59%).

We know that a graded ppm TMB ié very important in order to obtain good devices.
A graded ppm TMB is thought to introduce an internal electric field in i layer which in turn
helps the transportation of the carriers (holes and electrons). Figure 5.3 (a) gives the band
diagram of an a-Si:H solar cell with graded i layer. Three comparison samples are prepared:
8507, 8509, and 8510. 8507 has no TMB grading; 8509 has a grading step of 5 minutes; and

8510 has a grading step of 3 minutes. Their total thicknesses are very close and their FF

versus the grading step is plot in Figure 5.3(b).

Pt Buffer layer

N+

Graded Gap

Figure 5.3 (a) Schematic diagram of graded gap cell
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Figure 5.3 (b) I-V curves corresponding to different TMB grading

The single layer without TMB grading has a FF of 55%, and a step of 5min TMB
grading gives a FF of 59%. When a step of 3min is applied, the FF increases to 65%.
Therefore, it can be seen that a fine TMB grading does improve the devices’ performance
significantly.

It is well know that low temperature normally gives a better sample than high
temperature, because in low temperature, fewer H-bonds are broken. However, devices
finished at high temperature have a better stability than low temperature sample. The reason
is that in high temperature, radicals leading to film growth are more mobile, and hence
results in a denser microstructure which leads to a more stable film. In order to obtain a high
stability, therefore materials deposited at a high temperature (315°C-365°C) are preferred,
which are more stable, with a lower saturated state density than the lower-temperature-
growth materials [17].

Based on those concerns stated as above, a pressure of 25mT, a substrate temperature

of 365°C, a graded ppm TMB with a step of 2min, and 10% hydrogen from plasma line are
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applied. A He non CA device with good performances is obtained. I-V curve of this sample
is provided in Figure 5.4 and the sample number is 8524. The detailed parameter is provided
as follows.
Temp He(p) Ha(p) SiHs(i)) ppm TMB
365°C  50% 10%  10% 0-30%
The FF of this sample is 65%, the short circuit current is 1.18mA, and open circuit is

0.82 V. These properties clearly show the characteristics of typical a-Si:H solar cells.
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Figure 5.4, I-V for 8524, a He non CA device

5.1.2 He CA devices

Nanocrystalline He CA devices

As mentioned in the 4.1.1, when annealing time is more than 10s, a nanocrystalline
structure is obtained. In order to confirm that the nanocrystalline films produced using He
annealing were of electronic properties, a p-i-n device is made, and the i2 layer has the

similar deposition parameter as He CA nc-Si films. The parameter is provided here.
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Temp  He (p) SiH4 (1) ppm TMB H2 (i)
Growth time  (10s) 365°C 25% 15% 0-28% 10%
Annealing time (20s) 365°C 25% 0% 0-28% 0%
The results of the illuminated I-V curve are shown in Figure 5.5. They clearly show
the characteristic voltage (~0.5V) typical of nanocrystalline Si:H cells. The QE data shown in

Figure 5.6 confirm that the cells are nanocrystalline since the QE is going out to 800nm.
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Figure 5.5 Device I-V curve. Voltage of 0.5V indicative of nanocrystalline Si:H
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Figure 5.6 QE of He CA nanocrystalline device.
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Amorphous He CA devices

The a-Si:H CA device was made based on the parameters from good a-Si:H non CA
device 8524. The idea is to divide the i2 layer of a-Si:H non CA device into a number of
small layers and each layer is followed by a helium ion impinging treatment. Thus the
chemical annealing process is called layer by layer technique. The working He CA device is

8630 and the parameter of i2 layer is provided as follows.

Temp  He(p) Ha(p) SiHs(i) ppmTMB  H()

Growth time  (10s) 365°C  50% 10% 10% 7-49% 5%

Annealing time (10s) 365°C 50% 10% 5% 7-49% 5%
The total cycle (10s growth plus 10s annealing is considered as one cycle) number is
70, and the TMB grading step is every 10 cycles. Before the CA layer, there is a 7 minutes’
incubation layer, and after the CA layer, there is a layer of 8 minutes’ transition layer for il.
10% hydrogen from plasma line is used to improve the quality of the a-Si:H, and 5%
hydrogen from intrinsic line is introduced to flush out the silane in the annealing period and
obtain a faster switch time between growth period and annealing period. 5% SiHy other than
0% is used in annealing period because it is found that when 0% SiH4; was applied both the
current and the FF were poor. This probably due to the too much ion bombardment of He

plasma. I-V curve of this sample is shown in Fig. 5.7, and the FF is 66%.
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Figure 5.7, I-V curve for 8630, a He CA device.

We know that in order to check the stability difference between He non CA sample
and He CA sample, the CA sample and non CA sample must be identical in everything (p+,
n+, 11, 12 thickness) except the 12 layer. Their properties are provided in Table 5.1, and it can
be seen that they possess very similar properties even in Iy, Vo, FF and QE.

Table 5.1 Properties of He CA and non CA devices.

Sample No FF(%) Vo (V) Iic(mA) thickness (um)
8524(non CA) 65 0.85 1.16 0.25
8630 (CA) 66 0.84 1.14 0.25

The QE for He non CA (8524) and CA (8630) are also provided in Figure 5.8, where

they exhibit very close performances.
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Figure 5.8 B QE for He CA sample (8630)

5.1.3 Stability measurements

The stability of devices was measured using an ELH lamp whose intensity was

2
adjusted to 200mW/cm with the films and devices being kept close to 300°K.
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Two identical devices mentioned above, He non CA (8524) and He CA (8630), were
subjected to the light illumination for more than 70 hours. The gradation of the FF versus

light soaking time is plotted in Figure 5.9. The error in data is about 2%.

Degradation of FF of He devices
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Figure 5.9, Degradation in fill factor of the non-annealed and annealed cells

In Fig.5.10, we show the data on H bonding in films deposited on Si wafers. Fig.5.10
(A) refers to the film which was produced without any chemical annealing (continuous
growth). It is seen that there is a significant SiH, type bonding in this film. Fig. 5.10 (B)
shows the data for a film produced using a chemical annealing with He. It is clearly seen that
using a chemical annealing with He significantly reduces the SiH; content of the film and
also reduces the H content. The relative proportion of SiH, bond with respect to the total
bonded hydrogen can be defined R=I»psp/(12000+12080), R means the ratio of the measure the
integrated intensity Izpsp Of the stretching band centered around 2080cm™ to that of the whole
stretching vibration band Ippp+120s0, (i-€. the bands at 2080 and 2000cm™). In the non CA

case, R=0.27, and R=0.04 for the CA case. The hydrogen content is also calculated from the
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integrated intensity of the wagging band centered at 640cm™ It is found that CA sample has a

hydrogen content of 14% while it is 19% for He non CA film.
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Figure 5.10, FTIR data for He non CA film (upper) and CA film (bottom)
Properties of the non CA and CA devices are studied. Figure 5.11 shows the QE ratio
both for non CA cell and CA cell. Upon comparing the two cases, the ratio in long

wavelength QE, which is due to holes, is less for chemical annealed case than for the non

annealed case. We know that a higher the QE ratio translates into a poorer ut product which
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leads to a worse FF. And this result matches the fact that after light soaking the He CA

sample gives a less degradation than He non CA.
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Figure 5.11 Quantum efficiency ratio vs. wavelength for non-annealed and annealed
devices, before and after degradation. Note the small change in long wavelength QE ratio for
the annealed film compared to non CA devices. This indicates that holes are being collected
relatively efficiently even after degradation. In the short wavelength, QE ratio increases after
light soaking, and this indicates a deteriorated p-i interface.
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The Urbach energies of He Non CA and CA devices before and after light soaking
were checked as well. It is found that the midgap absorption increases after light soaking in
both cases, which indicates an increased defect density and corresponds to the degradation of
the FF. However, the Urbach energy doesn’t change after light soaking. The Urbach energy
values are shown in Table 5.2 and the subgap measurement of He CA is provided in Figure

5.12.
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Figure 5.12 Subgap of He CA cell before and after light soaking

Another important factor to indicate the properties of the solar cell is minority holes’
mobility-lifetime (ut) product. A higher (UT) properties means a better qualities of the a-Si:H
layer. One of the measurement of He Non CA before light soaking is shown in Figure 5.13. It
is found that both for He CA (8630) and He non CA (8524), the ut product increases after
the light soaking. This matches the degradation of the FF. The summary about the put product
is provided in Table 5.2. The summary of the properties of He non CA and CA cells is

shown in Table 5.2.
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Table 5.2, Properties summary of He cells.

Sample No. Eux j S nt pe
(Before Light (after Light (Before Light  (after Light Cy (%)
Soaking) Soaking) Soaking) Soaking)
8524 40 40 1.20E-8 9.10E-9 15
(He non CA, 365°C)
8630 (He CA, 365°C) 42 43 1.16E-8 1.06E-8 14.5
8917 (He CA, 265°C) 42 42 2.10E-8 9.00E-9 17.8

He Non CA (before light soaking)
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Figure 5.13 ut product of the He Non CA cell before light soaking
In Table 5.2, another He CA sample (8917) is listed. It has the same deposition
parameters as 8630 except that 8917 is prepared at 265°C. The stability comparison between
8630 (365°C) and 8917 (265°C) was carried out. Shown in Figure 5.14, a significant
difference takes place and the He CA cell deposited at 365°C performs worse initial FF but a
much better stability than that prepared at 265°C. Therefore, this proves that a higher
temperature typically gives worse initial properties but a better stability than lower

temperature. The stability measurement results are shown in Figure 5.14.
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Figure 5.14, stability of He CA cells at different substrate temperature.
FTIR data corresponding to the devices are shown in Figure 5.15. It can be seen that
365°C deposition temperature introduces a much smaller SiH; ratio than 265°C does. This

matches the theory that a higher temperature introduces less SiH, content, and the SiH;

density is closely related with the stability.
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Figure 5.15, FTIR data for He CA films deposited at 265°C and 365°C respectively.
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From the data, it is clear that chemical annealing (CA) using helium leads to
significant improvements in hydrogen microstructure. The ratio of SiH, to SiH bonds
decreases significantly under otherwise identical conditions. The data on films (Figure 4.5)
produced using CA showed that the degradation in photoconductivity of films was much less
than the degradation of photoconductivity in non-CA films. From the data on devices, it is
clear that the CA devices also behave very similarly; they degrade much less than the non-
CA devices. Unlike previous work [35], both sets of devices in our case had reasonably high
fill factors, and the quantum efficiency data, Urbach energy and ut product showed that the
material quality was reasonably good in both cases initially, with only a small decrease in
long wavelength QE when the device was subjected to forward bias. After light soaking, the
CA device showed significantly less degradation than the non-CA device, and the
corresponding QE ratio curves also indicated a better material quality after degradation in the
CA device compared to the non-CA device. The ut product measurements exhibited
deteriorated values after light soaking both for the He non CA and CA devices, which is
corresponding to the degraded FF. From these results, we conclude that chemical annealing
with an inert gas, helium, indeed, results in a significant improvement in hydrogen
microstructure, and in the stability of both films and devices in a-Si:H. Note that too much

annealing results in the film becoming nanocrystalline, an extreme case of ordering in

amorphous materials.
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5.2 H, plasma Devices

5.2.1 H, non CA devices

A regular H, non CA device (8662) was prepared with a graded TMB i2 layer and a

deposition temperature of 365°C. I-V curve of this sample is shown in Figure 5.16.
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Figure 5.16, I-V curve for H; non CA device
In addition, two more similar H; non CA devices are produced. One (8850) has a
same graded TMB i2 layer as 8662 except that deposition temperature is 265°C, the other
(8841) is also prepared at 265°C but i2 layer is not graded with TMB. Table 5.3 summarized
the characteristics of these three devices.

Table 5.3 Properties of H, non CA devices.

Sample No Temp(°C)  FF(%) Voe(V) Iic(mA) Thickness (um)
8662 (graded ) 365 66 0.84 1.23 0.25
8850 (graded) 265 69 0.84 1.2 0.25
8841 265 69 0.86 1.3 0.25

(non-graded)
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Apparently, 265°C gives better initial properties for the H, non CA devices because

of the higher H content and less dangling bond density.

5.2.2 H, CA devices

H, CA device is produced based on the working H, non CA device (8662). Like the
procedures to prepare He CA device, the i2 layer of H; non CA device is divided into a
number of small layers, and each layer is followed a H ion bombardment layer. The typical
parameter of a H, CA device is shown as follows.

Temp Hy(p) SiHs(i) ppmTMB  H)(3i)
Growth time  (10s) 365°C  60% 15% 0-76% 10%
Annealing time (10s) 365°C 60% 0% 0-76% 10%

The total cycle (10s growth plus 10s annealing is considered as one cycle) number is
100, and the TMB is graded by every 5 cycles. Before the CA layer, there is a layer of 10
minutes’ incubation layer, and after the CA layer, there is a layer of 10 minutes’ transition
layer for il. 10% hydrogen from intrinsic line is introduced to flush out the silane in the
annealing period and obtain a faster switch time between growth period and annealing
period. Different from He CA sample, there is no SiHy during the annealing period, because
it is found that if silane was introduced in annealing period, the stability became worse, and
this will be discussed in the following section.

A good sample with a FF of 65% is picked up for light soaking. I-V curve of this

sample is shown in Fig. 5.17, and the sample number is 8899.
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Figure 5.17, I-V curve of H, CA device.
This H, CA device has comparable initial properties compared with the H, non CA

device 8662. Table 5.4 gives the comparison.

Table 5.4, comparison between H, CA device and H, non CA device

Sample No Temp(°C) FF(%) Vol V) L.(mA) Thickness (um)
8662 (H, non-CA) 365 66 0.84 1.2 0.25
8899 (H, CA) 365 65 0.84 1.2 0.25

Additionally, two more H, CA devices are produced to check the stability. One
(8768) was introduced 8% SiH4 during annealing period and the other (8775) has 6% SiH,
during annealing period. Table 5.5 shows the properties of these three samples.

The stability measurement was developed for three H, CA devices and three H; non

CA devices.
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Table 5.5, initial properties of there H, CA devices

Sample No  Temp(°C) SiH, introduced in FF(%) Vo(V) L (mA) Thickness
annealing period

8899 365 0% 65 0.84 1.2 0.25

8775 365 6% 65 0.85 1.13 0.25

8768 365 8% 66 0.84 1.23 0.25

5.2.3 Stability measurement

Two identical devices mentioned in Table 5.4, H, non CA (8662) and H, CA (8899)
were subjected to 2xsun light illumination for more than 70 hours. The gradation of the FF

versus light soaking time is plotted in Figure 5.18. The error in data is about 2%.

Degradation of FF of H, Devices
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Figure 5.18, light soaking data for H, non CA (8662) and H, CA (8899)
Apparently, chemical annealed sample possess a much higher stability than non
chemical annealed sample. After 71 hours light soaking, the FF of H, non CA (8662) sample

dropt from 67% to 61%, while the H, CA (8899) sample’s FF is still 63% after 95 hours light
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soaking. This result is consistent with the light soaking data from films in Figure 4.8, where

H, CA film also performs a better stability than H; non CA film.

Figure 5.19 gives the FTIR data of H, CA film and H; non CA film in silicon wafer.
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Figure 5.19, FTIR data of the H, CA and non CA films
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Figure 5.19 clearly shows the significant decrease of SiH, bond content after
chemical annealing treatment. Moreover, the SiH, bond content decreases with the increase
of the annealing time. This remarkable result indicts the close relationship between SiH,
bond content and stability of a-Si:H. It also reveals that the chemical annealing does improve
the stability of a-Si:H by decreasing the SiH, bond content.

After light soaking, it is found that the put product was reduced, and the Urbach
energy doesn’t change, but the midgap absorption increased. The summary of these data are
shown in Table 5.6. Figure 5.20 shows the subgap measurement of H, CA sample. Clearly, it
can be seen from Fig. 5.20 that after the light soaking the midgap absorption increases and

this is corresponding to the degradation of the FF in I-V curve.

Subgap for H, CA cells
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Figure 5.20 Subgap measurements of H, CA devices.
The QE ratios of both samples are measured and shown in Fig. 5.21. It is found that

the QE ratio of H, non CA sample increased a lot, while that of the H, CA sample has very
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small change. This is very consistent with the stability data, which shows that H, CA sample

has much smaller degradation than H; non CA cell.
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Figure 5.21 QE ratio data of H, CA and non CA cells
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Stability comparison in three H, CA devices mentioned in Table 5.5 is also checked
and shown in Figure 5.22. In Figure 5.22, “SiHs=15%/8%” means that 15% SiH; was
introduced in growth period and 8% SiH4 was introduced in annealing period in each cycle. It
can be seen in Figure 5.22 that the less the SiH4 was introduced in the annealing period, the
better the stability was exhibited in the stability measurements. It can be understood in this
way. If less silane is introduced in the annealing period, this improves both the etching and
the bombardment of hydrogen plasma, and thus can reduce the weekly Si-Si and Si-H bonds

more significantly. Corresponding, the stability of the device is improved.

Degradation of FF of H, CA Cells
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Figure 5.22, degradation of H, CA devices with different SiH, in annealing period.
Light soaking experiment data for three non-chemical annealed H; cells listed in
Table 5.3 were provided in Figure 5.23. Clearly, sample finished at high temperature (365°C)
shows better stability than sample prepared at low temperature (265°C), and sample with a

graded TMB i2 layer possesses a better stability than that with a non-graded TMB i2 layer. A
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graded TMB i2 layer is assumed to introduce an internal electric field and this in turn

improves the transportation of the carriers in the i2 layer and thus increases the FF.

Degradation of H, Non CA cells in FF
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Figure 5.23 Stability of three H non CA cells

Table 5.6 gives the summary of Urbach energy, ut product, and H content
measurement. From all the data mentioned above, it is found that H plasma chemical
annealing can significantly reduce the SiH, bond content and improve the stability of a-Si:H
solar cells. In order to obtain enough etching and bombardment abilities of H plasma, a high
hydrogen dilution in annealing period is require. It is found that the stability of H, CA
devices increase with the decease of SiH, flow rate in the annealing period. It is also revealed
that device deposited at lower témperature typically obtain a higher SiH, bond content and
better initial performances than that deposited at higher temperature, but upon light soaking,
the former shows a worse stability. Moreover, a graded TMB structure is proved to improve
the stability of the devices. ut product measurements show decreaséd values after light

soaking, which is consistent with the degradation of the FF in devices.
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Table 5.6, characteristics of the H; cells before and after light soaking

Sample No. Ey Ey Nt BT
(before light (after light (before light  (after light Cu (%)
soaking) soaking) soaking) soaking)
8662 42 43 1.51e-8 9.10e-9 16
(H2 non CA, 365°C)
8850 43 43 2.90e-8 7.02¢-9 17.2
(H2 non CA, 265°C)
8899 41 43 1.48e-8 1.10e-8 15

(H2 CA, 365°C)
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CHAPTER 6 CONCLUSIONS

In summary, a systematic and careful study has been carried out of the growth and
properties of a-Si:H films and devices based on chemical annealing and non chemical
annealing techniques. The films and devices were grown using a remote, low pressure ECR
plasma process. The following significant results were obtained:

(1) It 1s found that the structure of the films grown using the layer-by-layer technique
depended critically upon whether the annealing was done with hydrogen or helium, and the
time taken to do the annealing. When the annealing was done in hydrogen plasma, the films
remained amorphous no matter how long the annealing time was; in contrast, when the
annealing was done in helium, and the annealing time was more than 10 seconds, the films
became crystalline. Moreover, the crystallinity increases as the annealing time increases.

(2) The phenomena that helium plasma annealing converted the amorphous silicon
into crystalline contradict the generally accepted assumption that high hydrogen dilutions are
needed to crystallize the amorphous films based on the reactive etching of H ions. The result
obtained in this work shows that it is not necessary to have a high hydrogen dilution to obtain
crystalline films. Rathcr, the amount of hydrogen already present in an amorphous film is
enough to cause crystallization, provided that enough ion flux and perhaps energy are
available for converting the amorphous structure to a crystalline structure. This remarkable
result suggests that not only the reactive etching effect from the H ions, but also the ion

bombardment play a role in crystallizing the amorphous films when high hydrogen dilution is

used.
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(3) Helium plasma annealed a-Si films and non helium plasma annealed films with
comparable initial properties were prepared. Upon light soaking, the chemical annealed a-Si
films showed a much lower degradation in photoconductivity than that of non chemical
annealed films. Helium plasma annealed a-Si devices and non helium plasma annealed
devices with close initial properties were prepared as well. Upon light soaking, the
degradation in the most sensitive device factor, the fill factor, showed that chemical annealed
devices possessed a much better stability than non chemical annealed devices. FTIR data of
chemical annealed films show a much less SiH; bond content than that of non chemical
annealed films. Clearly, 1t indicates that chemical annealing technique leads to significant
improvement in the stability of both films and devices in a-Si:H by reducing the SiH; bond
density insi&e.

(4) In addition, comparable hydrogen plasma annealed a-Si films and non annealed
films; comparable chemical annealed a-Si devices and non chemical annealed devices were
produced. It was shown that hydrogen plasma annealed films performed lower degradation in
photoconductivity than non annealed films. Chemical annealed devices showed a better
stability in fill factor than non annealed devices. FTIR data demonstrated that the stability of
a-Si:H was closely related to the SiH; bond content and the chemical ;mnealing technique did
reduce the SiH, bond density in a-Si:H greatly.

(5) Comparison data shows that a lower deposition temperature gives better initial
properties in devices, a higher SiH, bond content in films, and a worse stability upon light
soaking than a higher deposition temperature. Also, it is shown that a device with a TMB

graded i2 layer obtained a higher stability than that without a TMB graded i2 layer.
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(6) It is found that the put product of devices reduced after light soaking, which is

consistent with the degradation of the FF in devices.
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