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Abstract 

The double-sided silicon heterojunction (SHJ) solar cell is more appropriate for n-
type crystal silicon (c-Si) wafers than for p-type c-Si wafers because there is a larger band 
offset to the valence band edge of hydrogenated amorphous silicon than to the conduction 
band edge. Thin intrinsic and doped hydrogenated amorphous silicon (a-Si:H) double layers 
by hot-wire chemical vapor deposition (HWCVD) are investigated as passivation layers, 
emitters, and back-surface-field (BSF) contacts to both p- and n-type wafers. Passivation 
quality is studied by characterizing the SHJ solar cells and by photoconductive decay (PCD) 
minority-carrier lifetime measurements. The crystal-amorphous heterointerface is studied 
with real-time spectroscopic ellipsometry (RTSE) and high-resolution transmission electron 
microscopy (HRTEM) to detect phase change and material evolution, with a focus on better 
understanding the factors determining passivation effectiveness. A common feature in 
effective passivation, emitter, and BSF layers is immediate a-Si:H deposition and an abrupt 
and flat interface to the c-Si substrate. In this case, good wafer passivation or an excellent 
heterojunction is obtained, with a low interface recombination velocity (S) or a high open-
circuit voltage (Voc). Voc greater than 640 mV, S less than 15 cm/sec, and efficiency of 
14.8% have been achieved on polished p-type Czochralski-grown (CZ) Si wafers. 
Collaboration between NREL and Georgia Tech resulted in a 15.7%-efficient HWCVD-
deposited SHJ cell on non-textured FZ-Si with a screen-printed Al back surface field (BSF), 
the highest reported HWCVD SHJ cell. Collaboration between NREL and SunPower 
demonstrated that HWCVD a-Si:H passivation can be better than the conventional oxides, 
with a low surface recombination velocity of 42 cm/sec on textured n-type FZ-Si. 

1. Introduction 

The most important material property for photovoltaic (PV) silicon, minority carrier 
lifetime, is strongly affected by the thermal history of the silicon substrate because of various 
defect-impurity mechanisms such as H-O centers, B-O complexes, thermal donors, and 
metal-dopant pairs. Ulyashin et al. [1] demonstrated that significant enhancement in 
minority carrier lifetime can be achieved by thermally annealing silicon substrates in N2 at 
450ºC for 20 min; increases of 200%, 150%, and 200% in lifetime were seen for CZ-Si, FZ-
Si, and multicrystalline silicon, respectively. Schultz et al. [2] showed that by lowering the 
normal 1050ºC oxidation for 1 hour to 800ºC for 4 hours, the dramatic lifetime degradation 
of 65% by 1050ºC oxidation was cut to 5% loss only for multicrystalline silicon, highlighting 
the potential advantages of low-temperature processing. Various lifetime enhancement 
techniques like P-gettering and H-passivation from SiNx:H which are commonly used for PV 
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silicon impose difficult constraints on the temperature sequences used in the other device 
processing steps. If polycrystalline thin-film silicon on inexpensive, low-temperature 
substrates is achieved, low-temperature device processing will be essential. With the current 
industry trend toward thinner wafers or ribbons, wafer bowing caused by high-temperature 
metal back contact is a great concern. The a-Si:H/c-Si heterojunction solar cell is a good 
solution to these problems because a-Si:H deposited below 250ºC can be used as the junction 
emitter, the passivation layer, and the full contact BSF. The simple planar structure of the 
SHJ may also help control processing costs. 

2. Status of silicon heterojunction solar cells 

The SHJ solar cell grew out of research on a stacked amorphous/crystalline silicon 
cell design by Hamakawa et al. [3,4] in 1983. In 1990, a more advanced silicon 
heterojunction device structure was developed by Sanyo as the Heterojunction with Intrinsic 
Thin-layer (HIT) cell, with a doped a-Si(doped)/µc-Si(undoped)/crystalline Si structure [5]. 
In 1991, Sanyo changed their µc-Si:H undoped layer to a-Si:H [6].  According to Taguchi et 
al [7], in the normal a-S:H/c-Si heterojunction cells, the open-circuit voltage (Voc) and fill 
factor were lower than those of conventional diffused solar cells. These poor properties are a 
result of the recombination process throughout the depletion region at the a-Si/c-Si 

-3heterojunction. Moreover, doped a-Si layers have mid-gap state densities above 1018 cm [8] 
that would increase dark tunneling leakage currents. This tunneling process is suppressed by 

-3inserting the intrinsic a-Si:H spacer which contains only 1015 to 1016 cm of midgap defect 
levels.  With this intrinsic a-Si:H spacer, a Voc of 600 mV and 1-cm2-cell efficiency of 14.8% 
was soon demonstrated on an n-type CZ-Si wafer [9].  Sanyo then successfully applied the 
HIT structure to the backside of the cell as a back surface field (BSF) layer. By using the 
HIT structure on both sides of the cell with a highly reflective metal as the back electrode 
and by optimizing other conditions, they obtained an open-circuit voltage of 644 mV and an 
efficiency of 20% for an aperture area of 1 cm2 [9]. In late 1997, Sanyo started mass 
production and have since achieved laboratory cell efficiency of 21.3% on 100-cm2 cell area 
and an open-circuit voltage of 714 mV. The production cell and module efficiencies are 
19.5%, and 17%, respectively. These results are for n-type CZ-Si after refinements to their 
process that include reduced H-plasma damage, low-temperature screen-printed metal grids 
of 2-mm spacing, and steps to upgrade minority carrier lifetime of the wafers [10]. 

Inspired by the outstanding performance of the HIT cells, dozens of research groups 
[11, 12] throughout the world have been trying to duplicate Sanyo’s results with only partial 
success so far, due to insufficient understanding of the heterointerface and lack of open 
literature about critical surface pretreatments and other process steps. In addition, because p-
type silicon is a more common PV material, SHJ cells on p-type c-Si are more popular than 
on n-type. But it has been difficult to achieve high efficiency with double-sided HIT cells on 
p-type c-Si. Nevertheless, with a high-temperature BSF (such as alloyed Al or diffused B), 
SHJ cells based on p-type c-Si have been encouraging. For example, on a textured p-type 
CZ-Si with an Al-BSF, Tucci et al. [13] made a 17% efficient 2.25-cm2 SHJ solar cell with a 
V of 600 mV by using a CrSi2 thin layer to enhance the emitter conductance. A 1-cm2 cell oc 

that is 15.9% efficient with a V of 612 mV has also been reported on textured p-type CZ-Si oc 

with a boron-diffused BSF [14]. 
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To understand why SHJ cells have been problematic, it is essential to carefully 
consider the impacts of heterojunction band offsets. The literature consensus is that there is a 
larger band offset (~0.45 eV) at the valence band edges and a smaller band offset (~0.15 eV) 
at the conduction band edges [e.g., 15] reflecting the small difference (~0.15 eV) in electron 
affinity (distance from the conduction band edge to the vacuum level) between c-Si (~4.05 
eV) and a-Si:H (~3.90 eV). With this information, we may construct a schematic band 
diagram as shown in Figure 1, in which the left/right diagram is for the n-type/p-type c-Si 
based HIT structure respectively and the plus/minus signs (+/-) represent 
positively/negatively charged dangling bond (DB) defects accordingly. 

Sanyo’s double-sided HIT cell on n-type CZ-Si uses a total thickness of only 10 nm 
of a-Si:H(p/i) as the emitter and a slightly thicker 20 nm of a-Si:H(i/n) as the BSF. At the 
front junction, the larger valence band offset results in a potential well in which minority 
carrier holes can be trapped, preventing efficient photo-generated carrier transport. Pure 
thermionic emission is unlikely to provide enough transport for the holes due to the high 
barrier. However, the trapped holes may be able to tunnel across the thin a-Si:H(i) layer into 
the a-Si(p) layer, possibly with some thermal and trap assistance. On the backside, the large 
valence band offset and thicker i-layer provide a back surface “mirror” for holes. This 
Si:H(i/n) stack does not much hinder electron transport because the offset in the conduction 
band edges is small. Thus the a-Si:H(i/n) provides an excellent back contact with adequate 
majority carrier electron transport and excellent passivation repelling minority carrier holes 
from the back contact. 

α-Si:H(p) α-Si:H(i) α-Si:H(i) α-Si:H(p) 
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+ 
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Figure 1. Schematic band diagram of double-sided HIT: on n-type c-Si (left) and on p-type 
c-Si (right). 

We can apply this understanding of the heterojunction band offsets to a p-type c-Si 
based double-sided HIT cell with an a-Si:H(n/i) emitter on the front surface and with a-
Si:H(i/p) as the BSF contact on the back surface. The minority carrier electron collection 
will be impeded by only a small barrier created by the small band offset in the conduction 
band edges.  Minority carrier collection should thus be even easier than in the n-type c-Si 
based HIT cell, although the built-in voltage (from the vacuum level bending) at the front 
junction is comparable to a c-Si homojunction but much less than the a-Si(p/i) on c-Si(n) 
case. On the backside, however, the small conduction band offset provides a much less 
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effective mirror for the minority carrier electrons.  Worse, the larger offset in the valence 
band edges would present a large barrier for majority carrier holes to flow through to the 
back contact unless one sacrifices passivation by using a thinner or no i-layer to use trap-
assisted tunneling. An alternative is to use a-SiC:H [16] or other alloys with bigger 
conduction band offsets to c-Si as the BSF for p-type c-Si.  If, indeed, the band offset is 
much larger in the valence band edges than in the conduction band edges then: (1) a-Si(n/i) 
will be a good emitter for p-type c-Si with a built-in voltage comparable to a silicon 
homojunction; (2) a-Si(p/i) with a very thin i-layer will be a very good emitter for n-type c-Si 
with a higher built-in voltage than a silicon homojunction; (3) a-Si(i/p) is a poor BSF for 
p-type c-Si; and (4) a-Si(i/n) is an ideal BSF for n-type c-Si. 

All the amorphous layers in the better performing heterojunction cells reported so far 
have been deposited by plasma-enhanced chemical vapor deposition (PECVD). Obtaining 
high performance of such cells by HWCVD, in which precursor gases (e.g., silane) are 
decomposed by a hot W filament at about 2000°C, has been a challenge [17, 18]. However, 
HWCVD could prove superior to PECVD for silicon heterojunction solar cells because of 
higher deposition rates, reduced ion bombardment of the base wafer, and high densities of 
atomic hydrogen (H) generation that may passivate the wafer interface region. 

3. Collaborative research at NREL, Georgia Tech, and SunPower 

For the reasons discussed above, we began our silicon heterojunction solar cell work 
at NREL with an a-Si(n/i) emitter on Al-BSF p-type c-Si, even though a completely low-
temperature heterojunction process is the ultimate goal. We focus on emitter and BSF 
optimization with effective interface passivation. With a more complete understanding and 
control of the HWCVD heterointerfaces, we can apply them to other types of devices 
including a double-sided HIT structure. 

One problem that HWCVD presents is a tendency to grow epitaxial silicon on clean 
c-Si substrates [19], even at temperatures as low as 200°C. In high-efficiency heterojunction 
solar cells, a thin (~5 nm) intrinsic hydrogenated a-Si:H layer must be interposed between the 
base wafer and the heavily doped emitter, as discussed above. If epitaxy extends through the 
i-layer, the defective interface will be contacted by the doped a-Si:H which is a much less 
effective passivant than the intrinsic layer. Partial epitaxy, highly defective epitaxy, or a 
mixed phase i-layer can all cause detrimental high dark currents, because the a-Si/c-Si 
interface area or defect density will be large.  The additional dark-current path through 
inadequately passivated interface states leads to a low Voc. Therefore, Voc and the interface 
recombination velocity (S) are important indicators of the effectiveness of an a-Si:H/c-Si 
heterointerface. Our earlier HWCVD effort yielded 13% efficiency and a Voc of merely 580 
mV [18]. After careful interface studies, we achieved Voc over 640 mV [20], S below 15 
cm/sec, and efficiency of 14.8% on p-type CZ-Si with no surface texturing and single layer 
anti-reflection coating (ARC). Collaboration with Georgia Tech has resulted in a 15.7% cell 
on non-textured p-type FZ-Si with a Georgia Tech screen-printed Al-BSF and single layer 
ARC. This is believed to be the highest reported efficiency for a HWCVD silicon 
heterojunction cell [21]. We expect still better performance when we incorporate surface 
texturing and double-layer ARC. Working with SunPower Corp’s randomly textured FZ-Si 
samples, we obtain a surface recombination velocity of 42 cm/sec, lower than the value of 52 
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cm/sec by high-temperature oxidation followed by forming gas annealing. 

3.1.Effect of crystallinity in Si layer 

The crystallinity of the deposited Si layer is found to be very sensitive to the crystal 
orientation of the substrate. In one set of experiments, RTSE clearly indicates epitaxial 
growth up to 30 nm in thickness on a (100) substrate at 250°C. On a (111) substrate at the 
same temperature, however, RTSE shows the film to be essentially a-Si as soon as the 
deposition starts. When the substrate temperature is higher, epitaxial growth can also be 
observed on (111) substrates. In Figure 2a, the single-crystal silicon characteristic peaks at 
3.38 eV and 4.25 eV in the imaginary part of the pseudo-dielectric function, <ε2>, calculated 
directly from the measured parameter Ψ and ∆ by RTSE, persists for 1.5 min (~15 nm) at 
500°C on a (111) wafer, enduring the i-layer (5 nm) and extending well into the n-layer. 
This is confirmed by the HRTEM image of Figure 2b. As a result, the Voc of this device is 
only 487 mV. 

Figure 2. Si deposition on a (111) wafer at 500°C: (a) <ε2> evolution. Arrow shows start of 
growth; (b) HRTEM image. Line shows the wafer surface. 

As shown in Figure 3, when we lowered the substrate temperature to 100°C for both 
the i- and n-layer deposition, abrupt amorphous silicon growth is obtained, even on a (100) 
wafer. A Voc of 628 mV is obtained on this device. Because of the tendency to grow 
epitaxial Si at higher HWCVD temperatures, Voc decreases with increasing emitter 
deposition temperature. Figure 4 is a plot of Voc as a function of the i- and n-layer deposition 
temperatures (same for both layers) for 1.0 and 0.4 Ω⋅cm (111) substrates. The best voltage 
is obtained for substrate temperatures of 100 to 150°C. Once an epitaxial film is grown 
through the intrinsic layer and into the doped layer because of too high a deposition 
temperature, Voc is limited to 600 mV or lower, depending on the a-Si/c-Si interface 
roughness and quality of the epitaxy. With carefully chosen conditions to avoid epitaxial 
growth, we have achieved Voc exceeding 640 mV on p-type CZ-Si. 

The beneficial effect of an abrupt interface is shown in interface recombination 
velocity S. Figure 5 shows the S value as a function of i-layer deposition temperature, for 
passivations with the n-layer temperature fixed at 300ºC(*). Reducing the i-layer temperature 
reduces S as Si epitaxy is suppressed. (*The higher n-layer temperature is used for dopant 
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activation in this case. In our solar cell process, activation is accomplished during the 30-
min thermal ITO evaporation step at about 200ºC.) 

(111) 

Figure 3. <ε2> for 100°C on (111). Figure 4. Voc vs. the i- and n-layer T. 

10000 

1000 

100 

10 
50 100 150 200 250 300 350 

Effective lifetime (µs) 
Interface recombination velocity (cm/s) 

i-layer temperature (oC) 
Figure 5. S vs. i-layer T (n-layer T = 300ºC) Figure 6. Voc vs. H pre-treatment 

3.2.Hot-wire pre-treatment with H2 

Short atomic H pre-treatment with hydrogen gas (H2) cracked by the hot wire may 
etch any residual surface silicon oxide, clean the silicon surface, or passivate defects in the 
base wafer.  However, from HRTEM and RTSE, we find that prolonged H pre-treatment 
actually damages the c-Si surface, resulting in a rough interface and partial epitaxy. As 
summarized in Figure 6, Voc decreases as H pre-treatment gets longer. From Figure 6, very 
little or no H pre-treatment is better to maintain a low density of interface states. This is 
especially true on textured wafers. On a 200-µm thick, randomly textured, n-type FZ-Si
wafers, 287Å of oxide formed by dry oxidation and forming gas annealed at SunPower 
resulted in an effective lifetime of 193 µs (S=52 cm/sec) at 1.3x1016cm-3 carrier density, as 
measured with a Sinton transient photoconductive decay measurement system. After 
stripping the oxide in hydrofluoric acid and depositing a symmetric a-Si(n/i)/c-Si/a-Si(i/n) 
structure (with no H pre-treatment), we obtain 238 µs effective lifetime (S=42 µs) at the 
same injection level after optimizing the deposition conditions. Table 1 shows the effect of 
H pre-treatment duration and i/n-layer thickness on the effective lifetime. It is shown that 
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any H pre-treatment seems to lower the effective lifetime or increase the S value. 


Table 1. Effect of H2 treatment and i/n-layer growth time (in seconds) on effective lifetime 


H2 at 100°C i-layer at 100°C n-layer at 300°C Effective lifetime (µs) 
10 10 210 136.8 
10 30 210 92.5 
10 10 420 95.5 
10 10 315 133.9 
5 15 210 136.6 
0 10 210 237.9 
20 10 210 122.0 

4. Summary 

If the valence band offset is larger than the conduction band offset, a-Si(n/i) and 
a-Si(p/i) can be good emitters for p-type c-Si and n-type c-Si wafers, respectively. However, 
although a-Si(i/n) will be an excellent back contact for n-type c-Si, a-Si(i/p) will make a poor 
back contact to p-type c-Si. The large valence band offset at the c-Si(p)/a-Si(i/p) interface 
will present a large barrier to hole collection and the small conduction band offset will 
provide an inadequate minority carrier mirror. 

A common feature in effective passivation, emitter, and BSF layers is immediate 
a-Si:H deposition and an abrupt and flat interface to the crystalline silicon (c-Si) substrate. In 
this case, good wafer passivation or an excellent heterojunction is obtained with a low 
interface recombination velocity or a high Voc. Reduced Voc or increased S is found 
whenever the heterointerface is not abrupt and flat. Wafers at higher temperature and with 
(100) orientation are more likely to lead to deleterious epitaxial growth than those at lower 
temperature or with (111) orientation. A short (10 s) H2 treatment with the hot wire prior to 
the a-Si:H film deposition may improve carrier transport across the interface, but prolonged 
treatment can damage the c-Si surface, leading to a rough interface with partial epitaxy, 
reduced Voc, and higher S. Textured c-Si surface is especially adversely affected by H2 
treatment. With these findings, Voc greater than 640 mV, S less than 15 cm/sec, and 
efficiency over 15.0% have been achieved on polished p-type Czochralski-grown (CZ) Si 
wafers. Collaboration between NREL and Georgia Tech produced an SHJ cell with 
efficiency above 15.7% on non-textured FZ-Si with a screen-printed Al-BSF. This is the 
highest reported efficiency for an HWCVD-deposited silicon heterojunction cell. We expect 
still better performance when we incorporate surface texturing and double-layer ARC. A 
collaboration between NREL and SunPower demonstrated a low surface recombination 
velocity of 42 cm/sec on textured n-type FZ-Si by a-Si:H passivation. 
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