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Abstract  —  We investigate poly-Si/SiOx contacts with both a 1.5 
(tunneling-transport) and 2.2 (pinhole-transport) nm SiOx layer 
using atomic force microscopy techniques. Conductive AFM on n+-
poly-Si/SiOx/p-Si structures show significant spatial variations for 
both contact types, likely due to non-uniformities in poly-Si layer 
itself. The variations deeper into the contact were revealed by 
scanning Kelvin probe microscopy after precisely etching away the 
poly-Si/SiOx layers. The surface potential maps appear similar for 
both contacts, and show <500 nm size heavily-doped regions. 
These regions are found to be <200 nm deep for the 2.2 nm contact 
and >200 nm for the 1.5 nm contact.  

I. INTRODUCTION

Exceptionally high efficiencies for crystalline Si (c-Si) 
solar cells (>25%) have been achieved using the poly-Si/SiOx 
passivated contact approach [1, 2]. Excellent passivation of the 
c-Si surface is obtained using these contacts due to the
combined effect of chemical passivation of the SiOx/c-Si
interface from the SiOx layer, and field-effect passivation from
the heavily doped poly-Si layer. However, optimum contact
performance is obtained only when these contacts are annealed
at a high temperature: 850 °C for 1.5 nm SiOx thickness, or
>1000 °C for 2.2 nm SiOx thickness [1, 2]. This high
temperature step is required to improve the conductivity
through the SiOx layer by formation of conduction channels,
pinholes, as well as to improve the field-effect passivation
through dopant diffusion from the poly-Si layer, through the
SiOx, into the c-Si wafer [3]. Variations in SiOx layer can affect
local conductivity [4] as well as the resultant dopant profiles
into c-Si, thus affecting local passivation quality. The
investigation of these dopant variations using techniques such
as secondary ion mass spectrometry is challenging due to the
very large area spot size, few microns, resulting in area
averaged measurements. Here we, investigate these local
doping variations near the c-Si surface, and underneath the SiOx
layer, using scanning Kelvin probe microscopy (SKPM), a type
of atomic force microscopy (AFM) measurement.

We investigate both tunneling (1.5 nm SiOx) and pinhole 
type (2.2 nm SiOx) poly-Si/SiOx contacts. Conductive AFM 
(c-AFM) maps on n+ poly-Si/SiOx/p-Si structures show spatial 
variations in current. The poly-Si and SiOx layers are then 
precisely etched and the sample surface mapped with SKPM. 
Heavily doped regions <500 nm in size are mapped in both 
contacts and their depths estimates by etching the c-Si surface.  

II. EXPERIMENTAL DETAILS

 Double-side polished p-Fz c-Si, ~1-10 Ω∙cm resistivity 
wafers were cleaned and oxidized in a tube furnace between 
700–800 °C in 6:1 N2:O2 gas ratios to grow either a ~1.5 or 
2.2 nm thick SiOx layer. For the 1.5 nm SiOx samples, a 
phosphorous doped a-Si:H layer was deposited on one side 
using PECVD, and the samples annealed at 850 °C in N2 to 
convert a-Si:H to poly-Si. For the 2.2 nm SiOx samples, first 
intrinsic (i) a-Si:H layer was deposited on one side, and sample 
annealed at 1025 °C in N2. Following a treatment with 1% HF, 
phosphorous doped a-Si:H layer was deposited on top of the 
i-poly-Si layer, and samples annealed at 850 °C in N2.

For c-AFM measurements, the samples were treated with 
1% HF and then InGa was scratched on the back p-Si side. 
Using Ag-paste, the back side was then adhered to a Cu-tape on 
a glass slide. The resulting sample (see Fig. 1a) was then 
immediately loaded in an Ar glove box housing the AFM 
(Veeco D5000 and NSV controller) system using a Ti/Pt coated 
Si tip (Asylum Research AC240TM). The contact mode AFM 
and current images were simultaneously obtained. 

For the SKPM measurements, the n+ poly-Si/SiOx/p-Si 
samples were etched in a control manner using a sequence of 
15% tetramethylammonium hydroxide (TMAH) at 80 °C, and 

Fig. 1.  (a) Schematic of sample stack for c-AFM measurement. 
(b) Process flow for preparing samples for the SKPM measurement.
Current-voltage curves of n+ poly-Si/SiOx/p-Si structures with (c) 1.5
nm SiOx and (d) 2.2 nm SiOx layers using c-AFM.
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1% HF steps. These have been schematically shown in Fig. 1b. 
The 2nd TMAH etch was performed for either 15s or 30s. 
Following a treatment with 1% HF the samples were stacked as 
previously described for the c-AFM measurements and 
immediately loaded in the glove box. Surface topography in 
tapping mode and SKPM measurements were recorded 
simultaneously in a single-pass mode with an external Kelvin 
Probe Control Unit (Omicron, Kelvin Probe CU) and an 
external high-frequency lock-in amplifier (Signal Recovery, 
7280 DSP) connected to the AFM using a Pt/Ir coated AFM tip 
(Nanosensors PPP-EFM). 

III. RESULTS AND DISCUSSION 

A.  Investigation of n+ poly-Si/SiOx/p-Si structures with c-AFM 
Figure 1b and 1c show the J-V curves at a random point 

measured using the c-AFM setup for the contacts with 1.5 and 
2.2 nm SiOx layers. For both contacts, we saturate our 
instrument in both forward and reverse bias conditions. While 
conducting under reverse bias is puzzling, we do verify the 
presence of a solar cell since the zero-current condition occurs 
at a non-zero voltage. While further investigation is needed, we 
currently relate this to a photo-voltage generated due the laser 
within the AFM instrument or stray light. In order to ensure that 
we don’t saturate our instrument while performing 2D current 
maps, we measured the 1.5 and 2.2 nm SiOx contacts under a 
biasing voltage of 420 and 200 mV, respectively, which is close 
to their zero-current condition.   

The topography maps in Fig. 2a and 2b show that the poly-Si 
film on the 1.5 nm SiOx contact is rougher than the same on the 
2.2 nm SiOx contact. This could be related to either the different 
PECVD conditions for phosphorous and intrinsic a-S:H films 
or growth of a-Si:H films on SiOx layers of different 
thicknesses. The current maps for the same regions (Fig. 2c and 
2d) however, show spatial fluctuations in current of 100s of nA 
over 10s of nm distances. While Zhang et al. [5] have related 
these fluctuations in current to pinholes in the SiOx layer, 
Morisset et al. [6] have related it to variations in the poly-Si 
film. Our similar maps for contacts with both SiOx thicknesses 
seem to support the later, i.e., changes in poly-Si films such as 
grains versus grain boundaries might be cause of these current 
variations. This is further supported by the fact that adjacent 
pinholes in SiOx layer are separated by 10s of microns rather 
than 10s of nm distances when similarly processed samples 
were analysed using electron beam induced current 
measurements. 
B. Investigation of spatial doping variations using SKPM  

We investigated the doping variations underneath the SiOx 
layer using very selective etch chemistries by removing the 
n+ poly-Si and SiOx layers (see Fig. 1b). SKPM is very sensitive 
to the sample surface and hence, in order to improve the 
contrast between the n+ regions formed due to dopant diffusion 
from poly-Si and the p-type wafer, we etch a few 100s of nm of 
the c-Si surface. This is expected to remove any near-surface 
phosphorous doped regions leaving behind only the heavily 

 
 

Fig. 2. Topography maps of n+ poly-Si/SiOx/p-Si structures with 
(a) 1.5 nm SiOx and (b) 2.2 nm SiOx layers. (c, d) Corresponding 
current maps for the images shown in ‘a’ and ‘b’. The inset at bottom 
of each map shows the line profiles measured across the dashed-line in 
each map.    

 
 

Fig. 3. AFM maps of etched poly-Si contacts using procedure as 
shown in Fig. 1b, with 2nd TMAH etch performed for 15 sec. (a b) 
Topography maps of contacts with initial 1.5 and 2.2 nm SiOx layers, 
respectively. (c, d) Corresponding SKPM maps for the images shown 
in ‘a’ and ‘b’. The inset at bottom of each map shows the line profiles 
measured across the dashed-line in each map.    
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doped phosphorous regions. We investigated this using two 
different etching times. The topography maps in Fig. 3a and 3b 
measured after 15 sec of 2nd TMAH etch (~125 nm of Si etched) 
of the contacts with 1.5 and 2.2 nm SiOx layer are flat indicating 
that our etching is uniform and not introducing any etching 
artefacts. The SKPM maps for the same (see Fig. 3c and 3d) 
show regions with <500 nm in size which are more n-type than 
the background. There is no significant difference between the 
density of these regions between the two contacts. Figure 4 
shows similar maps to Fig. 3 but with the 2nd TMAH etch 
performed for 30 sec (~250 nm of Si etched) instead of 15 sec. 
Here, while the topography map for 2.2 nm contact is 
featureless, the same for the 1.5 nm contact shows pits ~15 nm 
deep and >1 um in size. Similar etch-pits have been observed 
previously using TMAH [7]. However, the removal of SiOx 
prior to performing the 2nd TMAH etch should not result in the 
formation of such features and these should be observed 
irrespective of the SiOx thickness. Interestingly, the SKPM map 
for the 1.5 nm SiOx contact (Fig. 4c) does not change significant 
after the longer etch time. However, for the 2.2 nm SiOx contact 
(see Fig. 4d), the density of the heavily doped regions decreases 
indicating that the longer etch, 30 sec as compared to 15 sec, 
etches away some of these heavily doped regions. While further 
investigation of these samples and measurement is needed, the 
fact that the SKPM features do not directly relate to any 
topographical features, leads us to conclude that there are 
indeed some spatial doping non-uniformities underneath the 
SiOx layer for both then 1.5 and 2.2 nm SiOx contacts. These 
are visible only due to the high sensitivity of the SKPM 
measurement and the precise etching process performed for 
these samples. 

IV. CONCLUSIONS 

In summary, we have investigated poly-Si/SiOx contacts 
using AFM-based characterization techniques: c-AFM and 
SKPM. 2D c-AFM surface current maps of 
n+ poly-Si/SiOx/p-Si structures with both 1.5 and 2.2 nm SiOx 
thickness show significant spatial fluctuations, likely related to 
non-uniformities in poly-Si conductivity. In order to investigate 
buried non-uniformities, it is essential to precisely etch away 
the poly-Si and SiOx layers. SKPM measurements performed 
after such precise etching shows regions with more n-type 
doping than surrounding regions. The maps are similar for both 
SiOx thickness contacts. However, further increasing the etch 
time significantly reduces the density of these regions for the 
2.2 nm SiOx contact while not affecting the 1.5 nm SiOx contact, 
suggesting that these high doping regions have different depths 
in the two contacts. 
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