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A set of (p) a-Si:H / (i) a-Si:H / (n) c-Si heterostructures has been investigated by coplanar 

conductance measurements. The thickness of the (i) a-Si:H buffer layer is varied between 2 and 

50 nm, well beyond the values used in heterojunction solar cells. The change in this thickness 

plays a role on band bending at the heterointerface and therefore impacts the level of inversion 

of carrier population at the c-Si surface. Measurements have been compared to 1D analytical 

calculations and to 2D electrical modeling. It is demonstrated that the deep defect density, 

related to silicon dangling bonds, in the (i) a-Si:H layer is strongly increasing from 1×1017 to 

4×1018 cm-3 when the (i) a-Si:H layer thickness is decreased from 50 to 2 nm. This result is 

interpreted in terms of defect formation and dependence of the defect density upon the position 

of the Fermi level with respect to the valence band edge. Quantitative analysis in the framework 

of the defect-pool model demonstrates that the strong increase of defect density is also promoted 

by an increase of the width of the valence band tail in the thin (i) a-Si:H layer, suggesting that 

a very thin layer also suffers from increased disorder.  
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1. Introduction 

Solar cells using amorphous silicon/crystalline silicon heterojunctions with interdigitated back 

contacts hold the world record efficiency of silicon-based photovoltaic energy conversion.[1,2] 

The use of undoped hydrogenated amorphous, called intrinsic and denoted (i) a-Si:H, as a buffer 

layer between the doped hydrogenated amorphous silicon (a-Si:H) layer and the crystalline 

silicon (c-Si) wafer in this solar cell is known to provide excellent passivation of the c-Si 

surface. This improved passivation is generally attributed to low defect density at the (i) a-

Si:H/c-Si interface related to lower defect density in (i) a-Si:H as compared to doped a-Si:H.[3] 

However, the defect density in the buffer (i) a-Si:H layer and the (i) a-Si:H / (c)-Si interface 

state density could never be directly measured in solar cell structures. The quality of the 

interface is assessed at the cell level from the photovoltaic performance of the solar cell or at 

an earlier step of cell fabrication from the effective lifetime on cell precursors consisting of the 

c-Si wafers with the a-Si:H layers deposited on both faces. [4-15] Both the photovoltaic 

performance and the effective lifetime are related to the dynamics and recombination of 

photogenerated carriers, which do not depend only on the density of defects but also on their 

degree of occupation and on their capture cross sections. This is a real problem when attempting 

to determine defect densities from such measurements. Defect density values that could be 

proposed from modeling of the effective lifetime in the c-Si absorber[16-18]  have to assume 

values for the defect capture cross sections, which are not well known. The interpretation of 

experimental data is further complicated by the band bending and non-homogeneous 

distribution of carriers close to the heterointerface, which some authors express as field-effect 

passivation. This is particularly important in (p) a-Si:H/ (n) c-Si heterojunctions where the c-Si 

surface was shown to be strongly inverted. [19-27]   

 

In order to get rid of the capture cross section influence, we propose to use techniques that only 
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rely on equilibrium properties. In this letter, we use planar conductance measurements which 

are sensitive to the equilibrium band bending. We investigate a set of (p) a-Si:H/ (i) a-Si:H/ (n) 

c-Si heterostructures where the thickness of the intrinsic (i) a-Si:H layer is varied between 2 

and 50 nm. We demonstrate that the deep defect density, related to silicon dangling bonds, in 

the (i) a-Si:H layer is strongly increasing from 1×1017 to 4×1018 cm-3 when the (i) a-Si:H layer 

thickness is decreased from 50 to 2 nm. We interpret this result in terms of defect formation 

and dependence of the defect density upon the position of the Fermi level with respect to the 

valence band edge. Quantitative analysis in the framework of the defect-pool model is 

discussed. The true knowledge of the density of state in such layer used as a passivation layer 

of the c-Si surface is decisive for a realistic modeling of the silicon based heterojunction solar 

cells. 

2. Experimental and modeling 

The heterojunction solar cells are based on a (n) c-Si consists of CZ wafers, 150 µm thick, with 

nominal resistivity of 3 Ω.cm. After cleaning the samples in a wet chemical HF bath the a-Si:H 

layers were processed using a 13.56 MHz PECVD parallel-plate reactor at a temperature of 

220°C. Other deposition parameters are the same as in reference.[28] On each sample, coplanar 

electrodes made of a stack of indium tin oxide (ITO) and silver with various inter-electrode 

distances had been deposited. The sketch of the studied structures is shown in Figure 1(a). 

These structures have been modeled using 2D TCAD simulator software (ATLAS from 

Silvaco[29]). The input parameters of the c-Si and a-Si:H layers can be found in the tables I and 

II in the Supporting Information part. The a-Si:H layers were modeled with a density of states 

(DOS) in the bandgap consisting of two exponential tail state distributions (acceptor-like for 

the conduction band tail and donor-like for the valence band tail) and two Gaussian deep defect 

distributions representative of dangling bonds (one donor-like centered at the energy EG,D with 

characteristic energy ωG=0.19 eV and maximum density NG and one acceptor-like centered at 
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EG,A=EG,D+0.2 eV with the same values of ωG and NG, to account for the correlation energy of 

0.2 eV between the D+/D0 and D0/D- transitions). The position of these Gaussian distributions 

in both intrinsic and p-type a-Si:H, along with the correlation energy, have been chosen in 

agreement with typical values proposed in the Defect-Pool model.[30]  To account for the doping 

in (p) a-Si:H, an additional acceptor level was introduced in order to fix the Fermi level position 

at 0.39 eV above the valence band, which corresponds to the activation energy of the 

conductance measured on test (p) a-Si:H layers deposited onto glass. In all structures the 

thickness of (p) a-Si:H was set to 10 nm. The ohmic contacts were simulated by adjusting the 

workfunction value at the metal electrode at the same value as in (p) a-Si:H (5.18 eV) with 

surface recombination velocities taken at 106 cm/s for both types of carriers. The band 

discontinuities at the heterointerface were taken at 0.40 eV for the valence band and 0.18 eV 

for the conduction band.[19] No additional defects were taken into account at the interface. 

Indeed, since our heterostructures provide solar cells with open circuit values above 700 mV, 

the interface defect density is believed to be low enough to have negligible impact on the 

equilibrium band diagram and thus on the planar conductance. [31,32] The equilibrium band 

diagram of the heterojunction calculated with 10 nm of buffer (i) a-Si:H is shown in Figure 

1(b). We can notice the presence of the strong inversion layer at the heterointerface (here about 

100 nm thick), which has been discussed previously in the literature (see for instance references 

[20-23]). In this band diagram, V :  represents the electrostatic voltage drop in the (i) a-

Si:H layer. This increases when the thickness of the (i) a-Si:H layer increases, producing weaker 

inversion at the c-Si surface. 
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3. Results and discussion 

We measured the current-voltage characteristics, I-V, for each structure with a given (i) a-Si:H 

thickness, and for the three inter-electrode distances, d=0.5, 1, or 1.8 mm. (see typical I-V 

curves for d=1.8mm in the Supporting Information). These were found to be linear in the low 

voltage range (|V| < 1V), allowing us to deduce the static conductance G=I/V, and the 

normalized conductance Gnorm=G×d/L, where L is the length of the electrodes. Results obtained 

at room temperature are plotted (dots) in Figure 2(a) as a function of the thickness of the (i) a-

Si:H buffer. Error bars correspond to the standard deviation of several measurements performed 

at different times and for the various inter-electrode distances. We notice that Gnorm strongly 

decreases when the thickness of the (i) a-Si:H layer increases. This behavior is expected from 

the band bending in the structure. Indeed, in earlier work it was experimentally demonstrated 

that the conductance of such structure is determined by the surface inversion layer in c-Si.[20] 

Thus, when the thickness of (i) a-Si:H increases the electrostatic potential drop :  in this 

layer increases, which implies a decrease of the potential drop in the c-Si and therefore a 

reduction of the hole inversion channel in c-Si.  

 
 
The conductance values extracted from numerical modeling have also been plotted (black line) 

in Figure 2(a). With input parameters for the (i) a-Si:H layer commonly used for device grade 

(i) a-Si:H bulk material (see Supporting Information and references [33-37]), i.e. with low 

defect density (NG=3×1015 cm-3.eV-1) and a characteristic valence band tail width E0,v of 43 

meV, we observe that the variation with (i) a-Si:H thickness of simulated Gnorm does not match 

that of the experimental results. The experimental decrease of conductance is much stronger 

than reproduced from the numerical calculations. Moreover, the simulation overestimates Gnorm 

whatever the value of the (i) a-Si:H thickness, this overestimation being of three orders of 
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magnitude for the thickest (50 nm) (i) a-Si:H layer. This means that the calculated hole 

concentration is too high at the c-Si surface, and that the calculated band bending in c-Si is too 

large. We have replaced the (i) a-Si:H layer by an ideal defect free insulator and found exactly 

the same Gnorm curve. This means that the charge in the (i) a-Si:H with device grade parameters 

is too small to produce significant deviation from an ideal insulator and that the calculated 

potential drop :  is too small. In order to reproduce the experimental results, one needs 

to increase  :  so as to reduce the band bending in c-Si, which is only possible by 

increasing the defect density in (i) a-Si:H. Consequently, we model a new (i) a-Si:H layer, 

named in the following “proposed” layer, by increasing the value of the dangling bond 

concentration NDB. We model the “proposed” layer by fixing the Gaussian deep defect 

distribution at the same energetic position as in the (p) a-Si:H layer (EG,D=1250 meV; 

EG,A=1450 meV). This is because the Fermi level in the (i) a-Si:H layer is much closer to the 

valence band than to the conduction band, so according to the Defect-Pool model the dangling 

bond distribution should peak at the same energy as in (p) a-Si:H.[30] In the same way, the larger 

widths E0 of the tails distribution are taken  identically to the (p) a-Si:H layer (E0v=60 meV; 

E0c=34 meV). The electrical parameters of the density of states in the “proposed” layer is shown 

in the Table II in Supporting Information.  The simulation results are shown in Figure 2(a) 

as broken lines for “proposed” layers using various values of the dangling bond concentration 

NDB, obtained by changing the value of the maximum of the Gaussian distributions NG 

(NDB=NG×√ ×ωG). As expected, we observe that the conductance values get smaller as NDB 

is increased. However, it is also obvious that the experimental dependence of Gnorm upon (i) a-

Si:H thickness cannot be reproduced using a single NDB value, whatever this value, and that 

NDB has to be increased when the (i) a-Si:H thickness is decreased. The thickness dependent 

NDB values that allow reproducing the experimental Gnorm data are shown in Figure 2(b). NDB 

increases by a factor of ~30 when the (i) a-Si:H thickness decreases from 50 to 2 nm. Note that 
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if we keep the value of the valence band tail width at 43 meV as in device quality bulk, the 

results are very close to those obtained for 60 meV. However, if we keep the defect state 

parameters of “bulk” material, NDB has to be significantly larger especially for the thicker (i) a-

Si:H, and it only increases by a factor of ~10 when the (i) a-Si:H thickness decreases from 50 

to 2 nm (dot symbols in Figure 2(b)). 

 

The increase of NDB with decreasing (i) a-Si:H thickness is compatible with the equilibration 

of defects in the Defect-Pool model. Indeed, this model predicts that the dangling bond defect 

density increases when the Fermi level is pushed closer to the valence band edge, which is 

precisely the case when the (i) a-Si:H layer gets thinner. In order to make a more quantitative 

comparison, we need to know the position of the Fermi level in the (i) a-Si:H layer, so we have 

studied the bend bending at the heterointerface of our samples and determined (EF  Ev)int, the 

difference between the Fermi level position and the valence band of c-Si at the (i) a-Si:H/c-Si 

interface. We have used two ways. Firstly, assuming that the planar conductance is only due to 

the holes in the inverted surface region of c-Si, we used a preceding analytical calculation that 

directly relates Gnorm to (EF  Ev)int.[32] Secondly, we used the full 2D numerical calculation of 

the current as a function of applied bias without any assumption, and, for each calculated result 

of Gnorm reported in Figure 2(a) we noted the value of (EF  Ev)int. Figure 3 shows the results 

of both approaches, presenting Gnorm as a function of (EF  Ev)int. The open circle symbols 

correspond to the simulation performed for both different (i) a-Si:H thicknesses and NDB values, 

in order to cover a large energy range, while the black solid line is the curve of the 1D analytical 

calculation assuming that the conductance is only due to the transport of holes in the c-Si wafer. 

We observe a perfect agreement between our 2D simulations and the 1D analytical model, 

which proves that the coplanar conductance is indeed determined by the lateral hole current at 

the c-Si surface due to the inversion layer.  
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Figure 3 is interesting since it allows us to determine the position of the Fermi level at the 

interface from the measured Gnorm, whatever the parameters of the a-Si:H layers. In particular, 

for each (i) a-Si:H thickness of our samples, we can extract the value of (EF  Ev)int. On the 

other hand, the Defect-Pool model allows to compute the integrated dangling bond density as a 

function of (EF  Ev) in a-Si:H. When the Fermi level lies well below midgap, the model predicts 

an exponential dependence of NDB,[30] which is depicted in Figure 4 for several values of the 

width of the valence band tail, E0,v. We can then compare the values of NDB extracted 

experimentally from our conductance measurements to the values suggested by the defect-pool 

model, when we change the (i) a-Si:H thickness. To this purpose, we have added in Figure 4 

the values extracted experimentally for each (i) a-Si:H layer thickness, and we attached to this 

value an interval of (EF  Ev) corresponding to the values observed in the 2D calculation in the 

(i) a-Si:H layer when going from the (p) a-Si:H / (i) a-Si:H interface to the (i) a-Si:H / (n) c-Si 

one. 

 
 
 
Obviously, for the thinnest (i) a-Si:H layers of 2 to 5 nm, the dangling bond density predicted 

by the Defect-Pool model is compatible with the experimentally extracted value only for a 

valence band tail width larger than 65 meV, which is significantly larger than for device grade 

"bulk" (i) a-Si:H, where the lowest values are around 42 meV.[38] Conversely, for the thicker (i) 

a-Si:H layer of 50 nm, the value of the valence band tail width cannot be larger than 50 meV, 

meaning that with such thickness the deposited material is equivalent to that of device grade 

thick "bulk" material.[38]  It is worth mentioning that an increase of the valence band tail width 

when the (i) a-Si:H thickness decreases below 10 nm was also suggested from the modeling of 

the effective lifetime in these structures, assuming that interface defects responsible for 
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recombination of carriers photogenerated in c-Si can be considered as an extension of the DOS 

in (i) a-Si:H. [39] 

 
 
 
In conclusion, we have shown that the static planar conductance of (p) a-Si:H / (i) a-Si:H / (n) 

c-Si structures is very useful since it does not depend on recombination parameters like capture 

cross sections, and it allows one to obtain a clear picture of the band bending at the 

heterojunction. A detailed analysis from both 1D analytical and 2D full numerical calculations 

was used to determine the evolution of the deep defect density NDB in (i) a-Si:H as a function 

of the layer thickness. When the (i) a-Si:H thickness is decreased from 50 nm to 2 nm, we 

measured an increase of a factor of ~30 of NDB. While an increase of NDB can be fairly 

understood and is expected in the frame of the Defect-Pool model the magnitude of this increase 

shows that the width of the valence band tail cannot be considered as independent of the (i) a-

Si:H layer thickness. Instead, while our results for an (i) a-Si:H thickness of 50 nm are 

compatible with a value of ~ 45-50 meV typical of "bulk" device grade (i) a-Si:H, we find that 

this significantly increases for thicknesses below 10 nm which may be related to an increased 

disorder in such thin layers. Our results shed some new light on the density of defects in the 

buffer (i) a-Si:H layer in silicon heterojunction structures. The observed increase of both the 

dangling bond density and the valence band tail width when decreasing the buffer layer 

thickness could be related to a higher density of interface states and to lower passivation 

properties of the silicon surface (as is known from experiments). Therefore, further work should 

concentrate on the determination of interface defect densities and on the link to the DOS in (i) 

a-Si:H. 
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Supporting Information 
 
See Supporting Information for the graph of the experimental coplanar current-tension 

characteristics for various (i) a-Si:H thickness and for the tables containing input electrical 

parameters used for the modeling of the c-Si:H and a-Si:H layers. 
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Figure 1. (a) Sketch of the solar cell studied here. The various inter-electrode distances 

are d1=1.8 mm, d2=6.5 mm, d3=5 mm, d4= 3.15 mm. (b) Equilibrium band diagram of 

the structure calculated with 10 nm of (i) a-Si:H (Ec: conduction band energy, Ev: valence 

band and EF: Femi level). Vbi
(i)a-Si:H is the potential drop in the (i) a-Si:H layer. Note the 

logarithmic scale for the depth, referred to the top surface. 
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Figure 2. (a) Variation of the normalized conductance Gnorm as a function of the thickness of 

(i) a-Si:H layer done at room temperature. The Experimental data (dots) are compared to 

simulations (line and broken lines). The black line corresponds to the simulated results with (i) 

aSi:H (“bulk”) modeled with input parameters commonly used for bulk material whereas the 

broken lines correspond to various simulations with input parameters of the new (i) a-Si:H 

buffer layer (“proposed”) by changing the NDB values (black: 1.5×1015, green: 7×1016, blue: 

1.1×1017, cyan: 5×1017, magenta: 1×1018, dark yellow: 2×1018 cm-3). (b) Effective defect state 

NDB as a function of the (i) a-Si:H thickness for two values of tails energy width parameters 

corresponding to (i) a-Si:H “proposed” layer (crosses: E0,v=60 meV) and (i) a-Si:H “bulk” (dots: 

E0,v =43 meV). The results for the “proposed” layer (crosses) are extracted from Figure 2(a). 

The dotted lines are a guide for eyes. 
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Figure 3. Variation of the normalized conductance Gnorm as a function of (EF - Ev)int. The black 

line represents the 1D analytical calculation from the approach of reference [32], the black open 

circles are the values extracted from 2D simulations for various values of both (i) a-Si:H 

thickness and NDB.  
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Figure 4. Dependence of the dangling bond density on the Fermi level position calculated using 

the Defect-Pool model with the parameters of reference [30] and for three values of the valence 

band tail width: E0,v=45 meV (red open circles), E0,v=65 meV (green open squares) and E0,v=85 

meV (blue crosses). Calculations were performed at the equilibration temperature of 500 K, 

using the temperature dependence of E0,v: (E0,v (T)) 2 = (E0,v T=0 )2 + (kT)2. Also indicated are 

the experimental NDB values extracted from our conductance measurements for the four (i) a-

Si:H thicknesses, with the corresponding intervals of (EF - Ev) that reflect the band bending at 

500 K in the (i) a-Si:H layer when going from the (p) a-Si:H / (i) a-Si:H interface to the (i) a-

Si:H / (n) c-Si one. The colour of the intervals corresponds to the E0,v values ones displayed in 

the legend. 

 


