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ABSTRACT: Interpretation of photovoltaic cell performance through current-voltage testing depends largely on 
accurate representation of the band structure.  This is especially true when considering the numerous interfaces found 
in a silicon heterojunction (SHJ) cell comprised of deposited amorphous silicon (a-Si:H) emitter, passivation layers, 
and back contact with a crystalline silicon (c-Si) wafer absorber.  This work reports the electronic levels of the 
valence and conduction bands, Fermi position, and electron affinity of thin film p-, i-, and n-type a-Si:H as well as 
(n)c-Si for use in SHJ modelling and performance optimization.  Novel application of wet chemically H-terminated a-
Si:H enables the study of device quality films to be studied via ultra-violet and X-ray photoemission spectroscopy.  It 
is shown that this H-termination strategy effectively removes native oxide without introducing detectable surface 
states. The Fermi level varies within a bandgap of ~1.75eV from 1.3 – 0.70eV from the valence band maximum 
depending on doping and plasma conditions.  The electron affinity is measured to be approximately 3.91eV for i-type 
films, 3.83 for n-type and a surprisingly low 3.37eV for p-type.  Also the validity of Fermi level alignment of (p)c-Si 
/ a-Si:H heterojunctions is called into question. 
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1 INTRODUCTION 
 
 Silicon heterojunction (SHJ) solar cells have 
stimulated much attention due to their numerous 
attractive features such as deposited junctions, open 
circuit voltages above 700mV and conversion 
efficiencies above 21% [1]. The archetypical SHJ cell 
utilizes a c-Si wafer as the absorber passivated by thin 
intrinsic a-Si:H. Doped (p) and (n)a-S:H are utilized to 
generate the front junction and rear back surface field. 
Amorphous silicon and its alloys have been extensively 
studied.  Films with a range of electrical and material 
properties such as band gaps, doping levels, defect 
densities, and microstructure are well documented. 
However there has not been sufficient effort to bridge 
film properties to SHJ cell performance, even though 
band offsets and defect densities will largely determine 
cell performance [2]. In this paper the electronic levels of 
device quality doped and intrinsic a-Si:H films as 
determined from ultra violet photoemission (UPS) using 
the Brookhaven National Laboratory Synchrotron Light 
Source. 
 Due to the extreme surface sensitivity of 
photoemission process (10-50Å sampling depth) any 
surface modification that results in surface band bending, 
defect related Fermi pinning or introduction of states at 
the top (bottom) of the valence (conduction) band will 
render the measurements of dubious value. To our 
knowledge only a single group has been able to perform 
in situ yield spectroscopy analysis of doped and intrinsic 
a-Si:H films prepared by PECVD [2]. Ex situ deposited 
doped films subsequently bombarded by Ar ions for 
surface cleaning have also been studied [3]. It was 
demonstrated, however, that substantial Fermi level 
pinning results due to the high density of defect states 
introduced by ion damage rendering Ar sputtering 
inappropriate for the purpose of this experiment.      
 To overcome these potential pitfalls a novel strategy 
for sample preparation relying on H-termination of the a-
Si:H films by wet-chemical treatment with final dilute HF 
dip was used.  This surface passivation has been widely 
employed for c-Si wafer preparation but less is 

documented regarding its application to amorphous Si 
films. A separate report has shown the effectiveness of 
this treatment with regards to native oxide removal and 
resistance to contamination on short time scales [5]. 

2 EXPERIMENTAL METHODS 

 The sample set is comprised of PECVD deposited 
150nm thick a-Si:H films deposited on H-terminated 
2.5Ωcm (n)c-Si and (p)-c-Si of (111) orientation. The 
present study will focus on DC and RF plasma deposited 
(i)-type films as well as DC plasma (p)- and (n)-type 
films with 2% dopant precursor (B2H6 and PH3 
respectively) to SiH4 gas phase concentration. These 
same deposition conditions were used to fabricate an 
18.8% SHJ photovoltaic cell [4]. Very little dependency 
on material properties and passivation quality has been 
detected between the RF and DC i-layers at the 
deposition conditions used, so comparison of their results 
will provide a self-consistency check. Co-deposited films 
on 7059 glass substrates were used for optical reflection 
and transmission measurements in order to estimate the 
band gap from Tauc’s plot. 
 A specific cleaning procedure was developed for this 
study to provide H-terminated a-Si:H surface and 
resistance to contamination within the 5min time frame 
required for loading into vacuum systems. Firstly 4min 
ultrasonic baths in acetone, methanol, and then de-
ionised water (DIH2O) removes debris and hydrocarbon 
contamination. This is followed by a wet-chemical 
oxidation step of 3:1 H2SO4:H2O2 at 70-80°C which 
grows and densifies the film’s oxide surface. After 
another 3min DIH2O rinse the films are dipped in 
10%HF solution for 60sec, dissolving the oxide and, 
ideally, saturating the surface with hydrides (≡SiH, 
=SiH2, –SiH3). A final 3sec DIH2O dip serves to improve 
sample handling safety and dissolve adsorbed F ions and 
HF molecules. XPS with Al Kα X-rays at 1487eV is used 
for chemical analysis of the wet-chemical clean. For more 
complete detail of the cleaning procedure the interested 
reader is directed to [5]. 



 For UPS measurements beamline U4A of 
Brookhaven National Laboratory Synchrotron Light 
Source is utilized providing photon energies from 10eV 
up to the soft x-ray range of 200eV. Due to the large 
photon flux and the flexibility to adjust for photon 
capture cross section as a function of probe beam energy 
one is able to perform a thorough analysis of the density 
of valence states (300meV resolution) and precisely 
determine a surface valence band maximum relative to 
the Fermi level (90meV resolution).  This work uses a 
beam energy of 55eV. 

3 RESULTS AND DISCUSSION 

3.1 Cleaning procedure evaluation 
 Confirmation of oxide removal and surface state 
passivation by hydride bonding is achieved by XPS and 
UPS.  Figure 1 shows the surface composition of the four 
a-Si:H films of interest, and for comparison, n-c-Si at 
three processing stages: as received, post wet-chemical 
oxidation, and post HF dip.  Good control of surface 
composition is achieved as C drops to below 4%, O 
below 2.2%, and residual F below 0.8% for the three 
films (n)a-Si:H, RF (i)a-Si:H, DC (i)a-Si:H and the (n)c-
Si wafer.  Interestingly the (p)a-Si:H has slightly higher 
contamination levels with C, O, and F at 4.9%, 4.6%, and 
3.1% respectively.  There is also a visible decrease in 
hydrophobicity post HF dip in the (p)a-Si:H case due to 
the increased fraction of highly electronegative species 
(O and F) on the surface.  This would create a surface 
with a relatively higher degree of polar bonding and 
hence water molecule attraction through dipole 
interaction.
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Figure 1: Surface atomic concentration from XPS.  nox is 
the native oxide state, pox is post wet-chemical 
oxidation, HF is after HF dip. 
  
 Valence band spectra from UPS confirm the 
effectiveness of oxide removal and passivation of surface 
states post HF dip. Figure 2 shows a clear difference 
between native oxide covered RF (i)a-Si:H film before 
and after HF treatment. Due to the extreme surface 
sensitivity of photoemission carried out at 55eV photon 
energy the oxide states dominate in the untreated sample. 
A triplet of peaks are identified as OI, OII, and OIII. OI is 
the O 2p non-bonding pair of electrons at a binding 
energy of 7.1eV (from EF), OII and OIII at 11.4eV and 
approximately 14eV correspond to O 2p electrons 

bonded to Si 3p and 3s states [6]. After HF dip three 
dominant peaks are readily observed at 2.8eV, 6.8eV, 
and 9.8eV labelled as α, β, and γ respectively. The lowest 
energy state that defines the top of the valence band 
centered at 2.8eV is derived from Si 3p states. The peaks 
at 6.8eV and 9.8eV are both Si 3s related bonded both to 
Si and H [7].  No Si-F derived states are detected and 
surface defect states are below detection levels estimated 
to be 1013-1014cm2. A future publication will delve into 
further detail regarding valence band spectra of HF 
treated (a)-Si:H films.  To surmise: the valence band 
spectra post HF dip is dominated by Si—Si and Si—H in 
mono and di-hydride configuration. It is argued that 
during the dissolution of the native oxide on amorphous 
silicon in HF potential un-reacted surface states are 
passivated by hydrogen similar to the crystalline silicon 
case. 
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Figure 2: UPS valence band spectra of RF (i)a-Si, 55eV 
photon energy probe beam. Î is untreated with native 
oxide surface, □ is post HF-dip.  Probed by 55eV 
radiation, curves vertically offset for clarity. 
 
3.2 Electronic level determination by UPS 
 Electronic levels obtained by photoemission are 
determined by the measurement of five values: 1) hυ, the 
photon energy; 2) Ekmax,met and 3) Ekvac,met, the highest 
and lowest kinetic energy electrons emitted from a noble 
metal surface (Ag or Au); 4) Ekmax,sc and 5) Ekvac,sc, the 
highest and lowest kinetic energy electrons emitted from 
the semiconductor surface. The photon energy is 
precisely determined as the difference of Ekmax,met from 
photons of the first and second order reflection off the 
diffraction grating. The Fermi energy of the system, 
Ekmax,met, is determined using the point of steepest descent 
of the step-like edge at the metal’s maximum kinetic 
energy. The top of the valence band of a semiconductor, 
Ekmax,sc, is the intersection of a linear extrapolation of the 
onset of the enegy distribution curve (EDC) to 
background noise level. Finally, Ekvac is the point of 
steepest descent of the lowest kinetic energy electrons 
detected; the secondary electrons generated from inelastic 
electron collisions within the material. The sample 
structure as probed is grounded by a metallic back plate 
held at a -5V bias to enable accurate detection of Ekvac,sc.  
 Full analysis must account for the interface between 
the metal, crystalline substrate, and amorphous film as 
well as potential surface dipoles. The simplest 
interpretation involves two assumptions: Fermi level 
alignment and absence of surface band bending.  It can 



be argued that neither of these assumptions is 
unreasonable as it is expected that charge transfer across 
the two interfaces (metal/substrate and substrate/film) can 
reach equilibrium due to sufficient conductivity. Plus the 
amorphous nature of the film surface and additional H-
termination should reduce surface defect density to match 
bulk levels.    
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Figure 3: (a) Relative energy levels of the materials 
probed by UPS on the measured kinetic energy scale. (b) 
Schematic of band structure of Ag / c-Si / a-Si:H stack as 
probed assuming Fermi level alignment and absence of 
surface dipole. (c) Resulting electronic levels of isolated 
materials.  Variables defined in body of text. 
 
 Figure 3(a) is a schematic that shows the relative 
levels of the spectrometer measured kinetic energies of 
the metal, c-Si substrate, and a-Si:H film. Making use of 
the four measured values using only the spectrometers 
kinetic energy scale; a number of important parameters 
can be defined, including: 
 

Φmet = hυ – (Ekmax,met – Ekvac,met) (1) 
 

Isc = hυ – (Ekmax,sc – Ekvac,sc)  (2) 
 

∆V,sc = Ekmax,met – Ekmax,sc  (3) 
 

∆VLsc = Ekvac,met – Ekvac,sc  (4). 
 
where Φmet is the work function of the metal used to 
define the Fermi level, Isc is the ionization energy of the 
semiconductor, ∆V,sc is the difference between EF and the 
valence band maximum of the semiconductor, and ∆VLsc 
is the change in the work function cut off. Specifically 
∆VLsc represents the shift in the vacuum level from that 
of the metal to the semiconductor [8].  Also since the 
band gap (EG) has been determined by optical 
measurements, it follows: 
 

χsc = Isc – EG   (5) 
 

∆C,sc = EG – ∆V,sc   (6). 
 
χsc is the electron affinity of the semiconductor and ∆C,sc 
is the difference between the conduction band minimum 
and EF. Finally, as shown in Figures 3 (b) and (c), the 
conduction and valence band offsets can be calculated. 
Anderson’s model [9] is often applied for the c-Si / a-
Si:H heterojunction  and predicts : 
 

∆EC = χa-Si:H – χc-Si   (7) 
 

∆EV = EG,a-Si:H – EG,c-Si – ∆EC (8). 
 
∆EC is the conduction band offset and ∆EV the valence 
band offset.  
 It is vital to the analysis is to separate which of the 
above equations depend on the assumptions of Fermi 
level alignment and absence of surface band bending. 
Equations (1), (2), and (5) depend only on a single 
material and do not depend on Fermi level alignment. 
Also it is understood that any surface dipole that would 
shift Ekmax,sc from a bulk value will similarly effect the 
Ekvac,sc and thus Isc and χsc remain well defined values. 
 
3.3 Implications of UPS Results 
 Table 1 shows the UPS results of films deposited on 
(n)c-Si substrate plus that of HF treated (n)c-Si itself and 
Table 2 contains the results of films deposited on (p)c-Si 
substrate. Encouragingly the measured ∆V,(n)c-Si and χ(n)c-Si 
values are in excellent agreement with literature for 
2.5Ωcm resistivity wafer [10]. The (n)c-Si / (n)a-Si:H 
sample is expected to be in nearly flat band condition 
which should lend itself to Fermi level alignment and 
thus accurate measurements of not only I and χ, but also 
∆V. Again acceptable agreement with literature values is 
observed compared to in situ deposited films studied by 
constant final state yield spectroscopy [2], namely ∆V,(n)a-

Si:H = 1.30–1.40eV. Considering the i-type films there is 
good agreement for I and χ, independent of substrate and 
χ(i)a-Si:H = 3.85–3.91eV is in the expected range.  However 
there is a large ∆V substrate dependency which is a very 
strong indication that the Fermi level alignment 
assumption is not satisfied as might be expected. If Fermi 
level alignment is achieved through the probed stack (see 
Figure 3 (b)) ∆V,a-Si:H would not vary depending on c-Si 
substrate doping, or equivalently, shifting the Fermi level 



up or down within the c-Si band gap. Further doubt of 
Fermi alignment comes from the (n)a-Si:H which also 
demonstrates ∆V substrate doping dependency. Thus our 
results indicate the possibility of fixed interface charge at 
the c-Si / a-Si:H junction. It is beyond the scope of this 
manuscript to fully consider these implications, however 
initial investigations indicate that the (p)c-Si / (n) and 
(i)a-Si:H junctions do not achieve Fermi alignment and a 
compensating interface dipole exists. Also note that 
several measurements were repeated with the same 
sample on difference occasions with nearly identical 
results. This indicates that the results are not skewed by 
sample handling or poor grounding contacts that could 
result in large scatter within the data. 
  
Table 1: Electronic levels determined by UPS, all units in 
eV.  Films on n-type substrates. 

 I EG χ ∆V 
(n)c-Si 5.16 1.12 4.04 0.86 
     

(n)a-Si:H 5.61 1.78 3.83 1.30 
     

DC(i)a-Si:H 5.66 1.75 3.91 1.28 
RF(i)a-Si:H 5.61 1.75 3.86 1.23 

 
Table 2: Electronic levels determined by UPS, all units in 
eV.  Films on p-type substrates. 

 I EG χ ∆V 
(n)a-Si:H 5.52 1.78 3.74 1.14 
     

DC(i)a-Si:H 5.60 1.75 3.85 1.00 
RF(i)a-Si:H 5.60 1.75 3.85 0.88 
     

(p)a-Si:H 5.09 1.72 3.37 0.70 
 
 The calculated electron affinity of the p-type 
amorphous silicon at 3.37eV is much less than expected. 
There exists fewer literature results reported for χ(p)a-Si:H 
as it is often assumed to behave similarly to more 
thoroughly studied intrinsic amorphous silicon. Rhaman 
and Furukawa report on a 1.8eV band gap (p)a-SixC1-x:H 
(a small bandgap for silicon carbide near that of pure 
(p)a-Si:H suggesting comparability) with an electron 
affinity of 3.24eV [11].  If χ(p)a-Si:H < 3.7eV the majority 
of the band offset resides in the conduction band, an 
occurrence which has indeed been reported [12] and 
references therein. Unold et al. estimate from capacitance 
measurements of (p)a-Si:H / (n)c-Si devices a ∆EC = 
0.35±0.05eV and suggest caution when applying intrinsic 
derived band offsets to doped amorphous silicon and 
possible breakdown of the Anderson model [13]. Another 
consideration would be the use of DC plasma in the 
doped film deposition, the implications for which have 
not been reported. Further work will be required to fully 
explain this surprising result but it seems a strong 
indication that highly doped p-type amorphous silicon 
has higher energy levels for the conduction and valence 
bands compared to i- and n-type. 

4 CONCLUSION 

 Oxide dissolution and H-termination of a-Si:H films 
by HF-dip has been demonstrated. Surface O plus F 
contamination was held below 3% for (n) and (i)a-Si:H 
and 7.7% for (p)a-Si:H. A clear derivation of energy level 

determination from measured kinetic energy values is laid 
out. Measured values of χ are independent of Fermi 
alignment and between 3.74–3.91eV for (n) and (i)a-
Si:H, but only 3.37eV for (p)a-Si:H. Also it is concluded 
Fermi alignment is not achieved as indicated by ∆V 
dependency on substrate doping. The initial investigation 
indicates the Fermi alignment is broken by fixed charge 
at the (p)c-Si / a-Si:H interface.  Further study by 
electrical characterisation and confirmation by modeling 
is required. 
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