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ABSTRACT 

Simple structure TCO/a-Si:H(n)/c-Si(p) heterojunction solar 
cells with vaned emitters are investigated by current-voltage- 
characteristics (IV), photoluminescence (PL) and ultra violet 
photo electron spectroscopy (UPS). A confirmed efficiency of 
16.2% on flat substrates is reached. Additionally, cells have 
been prepared with intrinsic a-Si:H(i) buffer layers, in order to 
passivate the proper pretreated wafers. This passivation results 
in an enhanced PL signal and UPS measurements indicate a 
reduced density of defect states in ultra thin a-Si:H(i) com- 
pared to a-Si:H(n) layers. 

1. INTRODUCTION 

Heterosmxtures such as TCO (transparent conductive oxide) 
/ a-Si:H / c-Si have a considerable potential for cost-effective 
high efficiency solar cells processed at low temperatures [ I,2]. 
The implementation of high technology features such as the 
use of an intrinsic buffer layer and surface texturing for 
a-Si:H@)/c-Si(n) structures led to efficiencies up to 20.7 %. 
Up to now the attained efficiencies are lower for the inverse 
struchlre with n-type emitter on a p-type Si-wafer, a-Si:H(n)/c- 
Si@). Scherfi et. al. [3] reported a confirmed efficiency of 
16.2 % o n  flat Fz-Si wafers. Borchert et al. [4] reported on an 
efficiency of 15.3 % o n  textured Cz-Si substrates. In a previ- 
ous work we compared the a-Si:H(n)/c-Si@) stmchlre with the 
inverse heterostructure by simulation studies and intrinsic 
differences of these structures [SI. A significant intrinsic dis- 
advantage of a-Si(n)/c-Si@) consists in the stronger influence 
of defect states at the interface on the cell efficiency. The aim 
of the present paper is to investigate the recombination at the 
interface with and without intrinsic buffer layer. 
In [3] we reported on a-Si:H(n)/c-Si@) solar cell with a certi- 
tied efficiency of 16.2 %.Analysing this cell in detail we con- 
cluded that the cell efficiency is mainly limited not by the a- 
Si:H(n)/c-Si@) interface, but rather by the c-Si bulk properties 
and the rear contact. To further enhance the cell efficiency we 
proclaimed to incorporate a thin intrinsic buffer layer, as it 
was done by Sanyo for the inverse structure a-Si:H@)/a- 
Si:H(i)/c-Si(n). Other ways to enhance cell efficiency would 
be to use similar methods as for classical diffused crystalline 

silicon p/n-junctions such as texturing for light trapping and 
the use of point contacts in order to reduce rear contact re- 
combination. In this work the incorporation of m inuinsic 
buffer layer is investigated and evaluated by means of PL and 
UPS measurements. 

2. EXPERIMENTAL 

2.1 Methods 
Measurements of IV-characteristics and of quantum effl- 

ciency have been performed. In order to investigate the a-Si:H 
interface we applied photoluminescence-measurements (PL) using 
the pulsed techniques, first introduced by Timoshenko et al. [6]. 
This techniques supplies information on defect concentrations at 
the interfaces of a silicon absorber, by exiting charge carriers in 
crystalline silicon with a pulsed laser source (1 ns, IOOpS). The 
measured PL intensity at a certain wavelength h consists of all 
photons, emitted by the cell, in the solid angle dn afler the 
illumination of the cell (integration over time). In order to get 
more information about the ultra thin a-Si:H layers (5.10 nm) on 
crystalline silicon we used UPS measurements with an excitation 
energy of hv = 6.5 eV. In this energy range the layer thickness 
corresponds to the emission depth of the photoelectrons (10 nm) 
~71 .  

2.2 Preparation 
Fig. I shows a cross section of the produced n/p-type 

heterojunction solar cells. As absorber we use a 350 pm thick 
(1 11) monocrystalline FZ silicon wafers (0.5 - 2 Qcm) with 
diifused back surface field on which the amorphous layer is 
deposited. The transparent conducting oxide (TCO) is used to 
enhance the lateral conductivity and lo minimise reflection 
losses. Indium tin oxide (ITO) layer is used with a thickness of 
80 nm. Control IT0 layers which are deposited on glass sub- 
strates have an integral transmission of 86 % and a specific 
resistance of 3x IO4 Qcm. Finally the front and rear contacts 
are prepared by thermal evaporation. 30 nm Cr and 3 pm Ag 
layers structured with photolithography are used on the emitter 
and 2 pm AI (full area) are deposited on the backside. On each 
3" wafer we prepare 9 cells with an area of I cm'. The sepa- 
ration of the cell is done wet chemically by etching the IT0 in 
order to separate the cells. More details of the preparation can 
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efficiency we proclaimed to deposit an intrinsic buffer layer as it 
was done by Sanyo for the inverse shucme.  
Fig. 3 shows V w  for a-Si:Wc-Si@) solar cells consisting of 
emitters with and without intrinsic buffer layers. The emitter has a 
nominal thickness of 5 and 10 nm, respectively. The solar cell 
with the 2.5 nm a-Si:H(n) + 2.5 nm a-Si:H(i) has an open circuit 
voltage of below 600 mV, that is far below the V, of the other 
emitter combinations. We believe that this lack in V, is not due 
to shunts of these ultra thin layers, but rather due to depletion of 
the a-Si:H-layers, which cannot dispose enough charge carriers in 
order to form the dp-a-Si:H(n)/c-Si@) heterojunction. This is 
important for ultra thin emitters and will be investigated in more 
detail in 181. The commrison of V, of the cell with Snm 
a-Si:H(n) 5 nm a-Si:H(i) emitter with-5 MI and the 10 nm thick 
a-Si:H(n) emitters indicate an enhancement of VOc by about 5 
mV. V, for the cells with only n-type a-Si:H(n) as emitter is 
independent on emitter thickness, as long as d > 5 nm, see also 
[3]. Similar results have been reported in [9, IO] for the passiva- 
tion of n-type silicon wafers, where an enhancement of 4 mV has 
been reported due to the introduction of an intrinsic buffer layer. 

Fig. 1: Schematic structure of the prepared heferojunc- 
fion solar cell. TCO is an 80 nm thick ITO. a-Sifl) is 
highly phosphom doped a-Si:H(n), a-Si(II) is intrinsic 
a-Si!H(ii, BSF is a boron diffused back surface field. 
The a-Si:H emiffers have been prepared with and without 
the intrinsic buffer layer, 

be found elsewhere [3]. It is important to note, that all the 
samples where prepared from the same wafer series, such that 
differences in the properties investigated, can be attributed to 
the different emitters and interfaces of the solar cell. 

3. RESULTS AND DISCUSSION 

3.1. Solar Cell Analyses 

The IV characteristics of the solar cell with an 5 nm thick a- 
Si:H(n) emitter is displayed in Fig. 2. An efficiency of 16.2 % 
with a short circuit current (J,) of 31.58 mAIcm’, an open circuit 
voltage (VOJ of 636 mV and a fillfactor of 80.9 Yo is reached. 
These results have been certified by the Fraunhofer Institute (ISE 
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Fig. 3: Open circuit voltoge oJn-Si:H/c-Si@) for various emitters. 
n and i denote a-Si:H(n) and a-Si:Hfi), respectively The number 
in Jront oJn and i indicate the appropriafe nominal layer thickness. 

Freiburg). To our knowledge this is the highest effciency reported 
for an a-Si:H(n)/c-Si@) solar cell. In order to enhance the 

The reaion for this enhancement may be the further reduction of 
recombination at the a-Si:H /c-Si interface. This effect can 
originate from two reasons: 
(a) a-Si:H(i) is able to passivate defect states at the c-Si surface 

better than a-Si:H(n). 
@) a-Si:H(i) has a lower density of defect states in comparison 

to a-Si:H(n) even in these ultra thin films. This would reduce 
recombination within a humel distance of the a-Si:H(i)/c- 
Si@) interface. 

To further explore this effect, we analysed similar structures with 
PL and UPS measurements. 

3.2 Photoluminescence 
In Fig. 4, the PL-spectra for the solar cell with the S nm 

emitter and the 5 nm a-Si:H(i) + 5 nm a-Si:H(n) emitter is shown. 
The samples have been illuminated with a wavelength of 500 nm. 
The maximum of these spectra is roughly at 1130 nm. This 
corresponds to the band-band recombination in c-Si. Therefore the 
splitting of the quasi Fermi levels are responsible for the intensity 
of the photoluminescence signal of this heterojunction. It should 
be noted, that although we used a pulsed laser (1 ns), we will use 
the concept of quasi Fermi levels. The charge carriers thermalise 
within the bands in the ps-range. For times longer than this, the 
concept of quasi Fermi levels can be used. The main PL-signal is 
observed directly afler the excitation of charge carriers by the light 
pulse. Therefore we argue that the PL-intensity integrated over 
time mainly reflects the maximum splitting of the quasi Fermi 
level, after illumination of the sample. In the following we try to 
calculate the difference in the splitting for the Fermi level for the 
two samples. The generalised Planck‘s law far the photon flux j, 
for photons at energy E per unit area, energy and solid angle R is 
givenby[Il ,  121: 

where E is the photon energy, c is the velocity of light, T the 
temperature of the sample, h and k are, the Planck and Boltz- 
mann constants. p is the chemical potential of the photons 
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which is equal to the difference of the quasi Fermi levels for 
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Fig. 4: PI-spectra in the rangejrom 900 - 1200 nm, for 
a-Si:H/c-Si@) solar cell consisling of on 5 nm a-Si:H(n) 
nm a-SiH(i) emilter and o 5 nm a-Si:H(n) emitter, res! 
rively. 

electrons and holes. In thermodynamic equilibrium, where p is 
equal to zero, eq. 1 reduces to the famous Plank law for the 
emission of light from bodies with temperature T. a(E) is the 
samples absorptance, and naturally depends on the energy of 
the emitted photons via the absorption coefficient a and the 
reflectivity. a(E) is assumed to be the same for both samples, 
as the additional 5 nm a-Si:H(i) layer does not influence a(E) 
at a wavelength of around I100 nm. As long as we use Fz- 
wafers, we assume that the Fermi levels are mainly constant 
throughout the main part of the wafer and thus the difference 
in the chemical potential is constant and equal to the applied 
voltage V. As long as qV < E, , an assumption that is easily 
satisfied for solar cells, eq. (I) can be simplified to: 

Eq. (2) shows that the Intensity at a certain photon energy E 
is exponentially dependant on the applied voltage. If the solar 
cell is not electrically contacted V is equal to VK, for this 
illumination. While we didn't measure the absolute value of 
the emitted photons, it is nevertheless easilypossible to extract 
the differences of the open circuit voltage for this illumination 
of the compared samples: 

AVoc = k T W Y ,  / J y , )  (3) 

where j.,, j, are the photon fluxes at a specific wavelength. At 
1130 nm this ratio equals to 9.218.1= 1.13 which results with 
eq. 3 in a difference of  the measured open circuit voltage of 
about 3 mV. Taking other wavelengths AVK changes slightly. 
As the intensity and spectrum is quite different for the pulsed 
laser and the A M 1 . 5  solar cell simulator it is rather interesting 

that the differences in VK is quite similar. This could he in- 
terpreted in a way that the interface recombination is not the 
main loss mechanisms, as one would expect stronger depend- 
ence of AVK on the illumination level. To get more insight 
into the recombination paths we performed UPS measure- 
ments on ultra thin a-Si:H layers deposited on crystalline Sili- 
con wafers with same doping level as used for the preparation 
of solar cells. 

3.3 UPS Measurement 
The ultra thin a-Si:H emitter layer has to passivate the c-Si 

surface states and to form the nip heterojunction. We deter- 
mined the position of the Fermi level in reference to the va- 
lence band, the slope of the valence band tail states (Urbach 
energy Eo") and the change in the gap state distribution in 
dependence on the doping level in order to get an idea about 
the defect distribution (DOS) in such thin films and thus re- 
combination paths. 

1 0 ~ ~ ~  . . . I . . . . . . . . , . . . . I . . . . 

(E-E,) / eV 
Fig. 5:  Comparison of the DOS berween an undoped and a 
phosphoms doped I O  nm thick a-Si:H layer deposited on n c-Si 
wafer (I  I I ) .  

Figure 5 shows the :ompsrison ol'the DOS h r  J nominally 
undupd (0  ppmi ~ I - S I  Ilui mJ ;tn a - $  Iltni layer J o p d  with 
I O 4  ppm PII ,  SiIl,pliuiphinc Tuo icatures can be obsencd. 

(3) The &IQ ,late di,trihution ,how erpOnentl3l band tail 
S131CS. 

(b) the VOS tn the fi'p rrgiun in;rea,e, by ncsrly one urJcr 
of magnitude and the position u i  the Fermi level hhifts 
tousrdi the wnJuclion bsnd edge for the phorphurour 
duped layer 

The \,alencr bJnd edge I V  i s  dctrrminzd by J plot uf 

v5 E, where ihc r i m n g  p d m  uf the l m c u  dcpcndenx ts set 
to F., Funhcrmord, wc d:tcrmin<d the llrhrih energy Ll,, %rf 
the exponent~ally distributed vnlencr. band Pail swtr.~ from the 
slope of a log-1inc.x plot of S(L) 'lhc oblained vsluc a i  E,,, 
refl?ot\ the dinirdcr hroidcning ofthe \dencc baiid The vdue 
oi I:<,, mcrcas:s with drsorder. The Urbach energy I) E,," = 
65.2 mcV for the unddped sample and inircasej IO F,,v~~lOl . 3  
m:\' fur the d+ed Ylmpk Due 10 higher dcfecl Jcn~ilic\ in 
the centre of the b a d  gap anJ due to high:r \ 3 l e n x  band I J ~  
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state energies ultra thin a-Si:H(i) layers on c-Si@) reduce in- 
terface recombination more effectively than a-Si:H(n). 
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Fig 6: Dependence of the Fermi level position on the 
phosphine addition for IO nm thick a-Si:H layers. 

An other important point is the position of the Fermi level of 
these ultra thin a-Si:H layers (Fig. 6). This figure shows (Ec- 
EP) far various gas-phase concentrations of PHI. It is assumed 
that the energy gap for this thin layers is the same as measured 
on thick samples, 1.72 eV. For undoped samples (E, - E,) is 
0.56 eV and (Ec - EF) sahlrates at a value of 0.25 eV at 10000 
ppm PH, in %HI. The saturation of the Fermi level position is 
a result of a self limiting process caused by the generation of 
deep defect levels. 

Best results are obtained by combining a-Si:H(n) layers with 
a-Si:H(i) layers: The a-Si:H(i) layer reduces interface recom- 
bination at the interface due to a low defect density in the gap, 
and the a-Si:H(n) layer M e r  reduces recombination at the 
interface due to enhanced band bending whch leads to an 
additional field passivation. It should be noted that a thin a- 
Si:H(i) layer does not reduce Jsc [3, 131: The charge carriers 
generated in the a-Si:H(i) layer do not recombine, as there is a 
strong electric field that separates the electrons and holes. 

4. CONCLUSION AND OUTLOOK 

We have demonstrated the advantages of an 5 nm a-Si:H(i) 
layer incoperated as buffer layer in a a-Si:H(n)/c-Si(p) het- 
erojunction solar cell. This was investigated by PL and UPS 
measurement which can he correlated with V, of this heter- 
osmcture. The PL signal is enhanced for solar cells with in- 
trinsic buffer layer and the density of defect states in the 
amorphous layer is reduced measured by UPS. V, is en- 
hanced by about 5 mV. It should he mentioned, that we be- 
lieve that an important loss mechanism in our cells is the rear 
contact although we used a BSF. Therefore further enhance- 

ment in VOc is expected to from the use a-Si:H as a BSF as 
well [2, 141. 
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