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12 Abstract: Band-gap alignment engineering has now been extensively studied due to its high
13 potential application. Here we demonstrate a simple route to synthesize two metal oxide layers and
14 align them together according to their bandgaps on surface of crystalline silicon(c-Si) solar cells.
15 The metal oxide layers can not only extend absorption spectrum to generate extra carriers but also
16 serve to separate electron-hole pairs more efficiently. As a consequence, the photovoltaic

17 performance of SnO2/CdO /Si double-layer solar cell (DLSC) is highly improved compared to
18 CdO/Si and SnO:/Si single-layer solar cells(SLSCs) and SnO2/CdO/Si double-layer solar cell(DLSC).
19 By the alignment engineering, the SnO./CdO/Si DLSC produces a short circuit photocurrent (Js) of
20 38.20 mA/cm?, an open circuit photovoltage (Vo) of 0.575 V and a fill factor (FF) of 68.7%,

21 corresponding to a light to electric power conversion efficiency () of 15.09% under AM1.5
22 illumination. These results suggest that with the use of metal oxide layers by band-gap alignment
23 engineering, new avenues have been opened for developing high-efficiency and cost-effective c-Si

24 solar cells.

25 Keywords: silicon solar cells; semiconductors; electron-hole pairs

26

27 1. Introduction

28 Solar cells have now been developed for more than five decades. F-  rom the very first generation solar
29 cell to the latest one ,the conve- rsion efficiency of solar cell itself has been largely improved. The update
30 conversion efficiency of GaInP/GaAs solar cells have broken 40%!-. However, these high efficiency solar cells
31 still have many disadvantages, such as stability issue and high cost, so that they can hardly be put into

32 large-scale production. At this point, with the combination of high purity, natural abundance, a matching
33 insulator and maturity of production®9, crystalline silicon (c-Si) solar cells show their unique advantageous
34 properties. But still, there are several defects of c-5i solar cells, such as optical loss, recombination and thermal

35 or quantum losses’. Among them, optical loss and recombination are deemed to be two most vital factors. Yet
36 many efforts have been made by researchers to solve these problems. Silicon nanowires®!°, ZnO nanowires'’,

37 and CuO nanoleaves'?, are some of those extraordinary attempts. The power conversion efficiency has been
38 improved through light trapping enhancement and photocarrier collection facilitation'>'4. It has opened up new
39 opportunities to achieve higher energy conversion efficiency at lower fabrication costs.

40 Although many textured structures have been made to enhance absorptance of c-Si solar cells, c-Si is still
41 an indirect band-gap semiconductor with a bandgap of 1.12eV, which is able to utilize only a small fraction of
42 the solar spectrum. Currently, tandem solar cell is considered to be one of the most promising approaches of the
43 third generation solar cells to solve this problem. It is fabricated with more than one sub cells which are
44 tandemed according to their bandgaps'>®. It is reported that the overall open circuit voltage (Voc) is the sum of

© 2018 by the author(s). Distributed under a Creative Commons CC BY license.


http://dx.doi.org/10.20944/preprints201804.0353.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 April 2018 d0i:10.20944/preprints201804.0353.v1

45 those from all individual sub-cells, while the current is the same as that in a single sub-cell once their currents
46 are matched!"®. As a result, tandem solar cell has broadened absorption spectrum effectively, so that it can
47 tackle simultaneously absorption and thermalization losses by absorbing the higher energy photons and finally
48 improve conversion performance.

49 By using the concept of tandem solar cells for reference, band-gap alignment engineering has been
50 developed for various applications, such as quantum dot solar cells through band alignment engineering?.
51 Here we applied CdO and SnO2 semiconductors to c-Si solar cells. CdO is one of the transparent conducting
52 oxides(TCOs) that has both, moderate band-gap and high electrical conductivity. With high mobility, CdO is
53 also believed to have large potential for the use in active electronic devices?22. SnO2 nanostructures are always

54 applied to gas sensor and photocatalysis®’. Besides, with wide bandgap of 3.5~4.0eV and terrific electronic
55 conductivity, it is believed to have a great prospect in solar cells. Herein, in our research we have tried to
56 synthesize different nano-structured films of CdO and SnO: semiconductors on surface of c-Si substrate
57 respectively. To investigate electrical properties and photovoltaic performance, we compared as-synthesized
58 solar cells with CdO single layer to cells with SnO2 single layer and cells with CdO layer and SnO2 layer stacked
59 together in the order of their bandgaps. CdO/Si single-layer solar cell (SLSC) and SnO:/Si single layer solar cell
60 were produced with chemical bath deposition and spin-coating method after which a certain temperature
61 thermal treatment was conducted to form oxide layers. Two steps of thermal treatment were included in
62 synthesis of SnO2/CdO/Si double-layer solar cell (DLSC) to confirm a firm contact between double layers and
63 the Si substrate. It is found that the characteristics of SnO2/CdO/Si DLSC offer broad-band light harvesting and
64 super high minority carrier lifetime. Here we compare two SLSCs to SnO2/CdO/Si DLSC to demonstrate the
65 impact of different layers with different bandgaps on absorption region and charge-transfer efficiency. As a
66 result, the short-circuit current (Jsc) and the open circuit voltage were improved which led to the enhancement
67  of power conversion efficiency (PCE). We believe that the cost effective technology can be easily applied to the
68 industrial scale production of Si solar cells.

69 2. Materials and Methods

70 Synthetic prcedures

71 Slices (3.0x3.0 cm?) of c-Si wafers without SisN4 antireflection layer were applied in this work.The
72 thickness of wafers is ~200umwith a bulk p—n junction. Before growing any filmon the surface of Si
73 wafer was first cleaned by rinsing with double distilled water and ethanolto eliminate any impurities.

74 Firstly, two depositing solutions were prepared as solution A and B. Solution A was composed by
75 0.05M Cadmium acetate dihydrate [Cd(CHsCOO)2.H20] and double distilled water. In solution B,
76 0.01M Stannic chloride pentahydrate aqueous was mixed with ethanol to prohibitthe solution from

77 hydrolyzing. In order to grow CdO single layer on surface of Si wafers, dried Si wafer was immersed in
78 solution A for 2mins and was dried again in drying oven under the temperature of 80°C. This
79 procedure then was repeated for four more times to ensure the CdO seeds were fully distributed on the

80  silicon's surface before sending the deposited Si wafer into muffle furnace. After thermal treatment of
81 500°C for 3 mins, the CdO/Si SLSC was completed. SnO2/Si SLSC was synthesized by spin-coating
82 method. In this tep, firstly, 0.05 mL of 0.01M Stannic chloride pentahydrate aqueous ethanol solution

83 were dropped onto Si surface under the speed of 1500 rpm for 40s, and 5 times ofthis operation were
84 needed to ensure the Sn-precursor got the substrate full covered. Finally the deposited Si wafer was
85 treated under 900°C in muffle furnace for 5 mins to form SnO: film. With combination of two
86  procedures above, SnO: seed solution was deposited on surface of as-synthesied CdO/Si composited
87 cell and 900°C annealing treatment was also conducted.

88  Characterization

89 Field emission scanning electron microscopic (FESEM, HitachiS-4800) was used to observe the
90 morphology of the layers. The minority carrier lifetime of the samples are measured using the Si wafer
91 life-timeSEMILAB WT-2000 PVN. The current density—voltage (J-V) characteristics of the solar cells
92 are measured using an electrochemical workstation (Zahner, Zennium) under 100 mWxcm?

93 calibration which is performed using a Class A AM 1.5G spectral distributed Abet Technologies Sun
94 2000 Solar Simulator.

95

96
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97 3. Results and discussion

98 Fig. 1 shows the surface morphologies of both CdO and SnO: films growing on the surface of

99  polycrystalline silicon with p-n junction respectively. As shown in Fig. 1 (a), CdO film was
100 characterized by Scanning Electron Microscope (SEM). The cross-section view indicates that the
101 thickness of the film is about 32nm, and the surface of it is smooth with comparison of top view
102 picture. While in Figure 1 (b), SnO2 film shows a different surface morphology with many hollows
103 onit, and it is approximately 41nm in thickness which is slightly thicker than CdO film. With those
104 pictures we can find that both of two films have a firm contact with Si substrates, which is beneficial
105  to reduce contact resistance and electron transfer. Fig. 1(c) demonstrates the schematic of
106  SnO:/CdO/Si DLSC. With spin-coating method and annealing treatments, CdO layer and SnO: layer
107  were grown on Si substrate in sequence. On one hand, the top layer with rough surface of SnO: can
108 efficiently increase light trapping. On the other hand, two layers are capable to utilize different
109  region of incident light which is believed to contributed to considerable enhancement of
110 photovoltaic performance.

c-Si substrate
1pm

111

112 Figure 1. Cross-section and top views of SEM morphologies of (a) CdO; and (b) SnO:films growing on
113 polycrystalline silicon substrates respectively; (c) Schematic of SnO2/CdO/Si DLSC.

114 FESEM energy dispersive spectrometry (EDS) element mapping of composited SnO2/CdO/Si
115  DLSC was conducted to take deep research on the structure of layer-by-layer. As we can see in Fig. 2,
116  (a) is the scanning region of SnO2/CdO/Si composited wafer, while Fig 2 (b) is mapping of all
117  detected elements. Fig. 2 (c)~Fig. 2 (f) refer to element Si, O, Sn and Cd respectively. From Fig. 2 (c) to
118  Fig. 2 (f) we can find that the elements are well-distributed on the surface of c-Si substrate which
119  indicates that the layer-by-layer structure was greatly formed by spin-coating and annealing
120 procedures.

121 T a1y b
122 Figure 2. FESEM-EDS element mapping of the composited SnO2/CdO/Si DLSC.
123 According to different morphologies above, different absorption spectra were measured by

124 UV-vis-IR. In Fig. 3, Si substrate with CdO layer shows almost the same absorption property as Si
125  wafer except the slight improvement between 300-450nm. But as to SnO: layer, from 300-1100 nm
126  the absorption value is improved by about 16%. The reason contributed to this phenomenon is that
127 the difference of surface structures. With hollows on surface, the film can cause optical resonance
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128  and multiple scattering of the incident light, which can trap incident light and enhance absorptance
129 effectively?2. In addition, due to its wide bandgap SnO: film is capable to utilize much more light
130 compared to c-Si wafer.
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132 Figure 3. UV-vis-IR absorption spectra for CdO/Si and SnO/Si SLSCs and SnO2/CdO/Si DLSC.

133 To further investigate photovoltaic properties of composited solar cells, External Quantum
134 Efficiency(EQE) spectra and J-V curves were conducted under the standard AM 1.5G conditions. Fig.
135 4 (a) shows that a broad value of 70% ~ 80% in the spectrum of pristine Si solar cell is observed from
136  500~900nm which corresponds to the wavelength range of Si light absorption. In contrast, the
137  spectrum of SnO2/Si SLSC exhibits a large increase in EQE spectrum for the wavelength between
138 300~550nm, while CdO/Si SLSC is a little low than that of SnO2/Si SLSC.On one hand, as two
139 semiconductors with wide bandgap (Egcio =2.4eV , Egsno2=3.5eV ), CdO and SnO:2 can effectively
140  absorb spectrum wavelength between 250~600nm. That means the CdO layer and SnO: layer are
141  able to use incident light from 250~600nm and generate more carrier with high energy while ¢-Si can
142 not. On the other hand, according to UV-vis-IR absorption spectra, both CdO/Si SLSC and SnO»/Si
143 SLSC have been enhanced between 300-500nm. As we know, if solar cells absorb more incident light,
144 more photons can be utilized to generate carriers. So the improve- ment of EQE can be also
145  attributed to the enhancement of absorption performance. Finally, the EQE performance of
146 SnO:/CdO/Si DLSC matches the theory we discussed above as well.
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148 Figure 4. (a) External Quantum Efficiency (EQE) spectra and (b) J-V characteristics for CdO/Si and SnO2/Si
149 SLSCs and SnO2/CdO/Si DLSC.

150 The detailed device performance is summarized in Table 1 and theJ-V characteristic curves are
151  shownin Figure 4 (b). As a result, the PCE of CdO/Si SLSC reaches a value as high as 13.34%, with J«
152 of 36.12 mA cm2, Voc of 0.556V and FF of 66.42%, while values of SnO2/Si SLSC are 13.96%, 37.01lmA
153 m-2, 66.76% respectively. Compared to pristine Si solar cell without any metal oxide film growing
154  on the top, the Voc performance are improved by 2.6% and 4.2%. Whereas as to current density,
155  three as-synthesized solar cells all have various increases compared to blank Si solar cell. The
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156  short-circuit current are mainly related with three factors as we concluded, and the very first one is
157  light absorption. The photoactive layer in the solar device absorbs sun light, raising an electron
158  from the ground state to a higher energy state and then generates an energy bearing electron-hole
159  pair, called an excition?. As we know, c-Si is a indirect band-gap semi- conductor with a band-gap
160  of 1.12eV and the perfect light spectra region for absorption of c-Si is approximately 700~1100 nm
161  which is only a small part of the whole solar spectrum. So to make full use of the solar spectrum in
162 order to maximize Js, light-absorbing substance is now fully used. As the more solar spectrum is
163 utilized, the more photo-generated carriers are produced. But a large part of these photo-generated
164 carriers are wasted directly through recombination. It indicates that if electron-hole pairs can be
165  efficiently separated before recombination, Js value is supposed to be enhanced to a large extend. In
166  addition, to ensure an efficient collection of charge carriers, carriertransporting layers are required
167  to have high mobility as well aslong diffusion lengths for electrons and holes?-%, and the resistance
168 is also a factor that changes current flowing. In our research, Jic of CdO/Si and SnO:/Si solar cells are
169  increased to 36.12mA cm? and 37.0lmA cm? The increasement can be ascribed to absorption

170 enhancement as shown in Fig. 3 (a) and charge carrier lifetime increase shown in Fig. 5.
171 Table 1 Photovoltaic performance parameters of blank c-Si solar cell and as-synthesized CdO/Si
172 and SnO2/Si SLSCs and SnO2/CdO/Si DLSC.
Voc[V] JsefmA cm~?] FF[%] N [%] An[%]
c-Si 0.542 34.68 65.33 12.28 -
CdO/Ssi 0.556 36.12 66.42 13.34 8.6
SnO2/Si 0.565 37.01 66.76 13.96 13.6
Sn02/CdO/Si 0.575 38.20 68.70 15.09 22.8
173
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175 Figure 5. Carrier density, Hall mobility and minority carrier lifetime properties of A (c-Si solar cell ), B (CdO/Si
176 SLSC),C (SnO/Si SLSC) and D (SnO2/CdO/Si DLSC).

177 In Fig. 5 we can also find that carrier density values of three kinds of as-synthesized solar cells
178  are all enhanced. As we discussed above, because of good solar spectrum absorption property and
179  band-gap alignment engineering, the composited solar cells are able to make better use of solar
180  spectra and thus produce more photo-generated carriers. Carrier density is a important parameter to
181  measure the utilized efficiency of absorbed photons. For CdO owns a wider bandgap than c-Si,
182  spectrum region of short wavelength is fully used according to results of UV-vis-IR absorption and
183  EQE property shown in Fig. 3. For the same reason, as bandgap of SnO2 is even wider, the EQE and
184  UV-vis-IR results indicate the enhancement of carrier density which is correspondence with that
185  measured in Fig. 5. Moreover, Hall mobility is highly related to electrical conductivity. The result in
186  Fig. 5 (red line) shows that with CdO layer and SnO: layer growing on top of c-Si substrates, the
187  speed of carrier transport is not decayed but improved instead. This phenomenon demonstrates that
188  CdO layer and SnO: layer we have synthesized play a role as good electron transport layers. When
189  CdO and SnO: were made to grow on surface of c-Si substrates by spin coating method,
190  homogeneous films were produced through tuning spinning speed and coating time. After


http://dx.doi.org/10.20944/preprints201804.0353.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 April 2018 d0i:10.20944/preprints201804.0353.v1

191  annealing at 500 °C and 900 °C orderly, thin oxide films then were formed with a firm Ohmic contact
192 with ¢-Si substrates which is supposed to decrease series resistance. Besides, blue line is put to
193 demonstrate the change of minority carrier lifetime., and the result shows that after covered by
194 different oxide layers, lifetime of minority carrier is highly increased. The effective carrier lifetime
195 (tett) is directly related to bulk lifetime (toux) and surfacelifetime (Tsur) and the toux dominates the
196  tew’l.The increase in JSC and VOC partly contributed byimproved minority carrier lifetime can be
197  understood by the relations below32.

Voc = k—tln( An(NDJ; + An))
198 1 & (1)
200 where (kT)/q is the thermal voltage, Np,a is the donor or acceptor concentration of the wafer,

201  Anis the excess carrier concentration, ni is the intrinsic carrier concentration, q is the magnitude of
202 the electrical charge on the electron, G is the generation rate, and L. and Ly are electron and hole
203  diffusion lengths, respectively. We can find that Voc and Jsc strongly depend on excess carrier
204  concentration and diffusion lengths which are directly proportional to the ter.That is to say, the
205  increase of minority carrier lifetime gives rise to the enhancement of Jsc and Voc and which in the end
206  contribute to power conversion efficiency.

207

208 Scheme 1 Schematic diagram representing the charge-transfer and electron-hole separation process in
209 sn0O»/CdO/Si DLSC.

210 To further investigate the mechanism of charge-transfer and electron-hole separation, we here
211  illustrate the schematic diagram representing charge-transfer and electron-hole separation process
212 in Scheme 1. As shown in the diagram, the conduction band (CB) of SnO: lies at a more negative
213 potential than that of CdO, while the valence band (VB) of CdO is more negative than that of SnO..
214 Under solar irradiation, photo-generated electrons in the conduction band of SnO: go to the
215  conduction band of CdO and hole transfer occurs from the valence band of CdO to that of SnO». At
216 the same time, with a similar reason for c-Si substrate, electrons from conduction band of CdO
217  transfer to that of ¢-Si and holes transfer from valence band of CdO to that of ¢-Si.The simultaneous
218 transfer of electronsand holes in SnO2/CdO/Si system increase both the yield andthe lifetime of
219  charge carriers by separating the photo-induced electrons and reducing charge recombination in
220  electron-transfer process®. In our research, the results of minority carrier lifetime, carrier density
221 and short current density are able to perfectly support the schematic diagram we discussed above.
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223 Fig. 6 XPS survey spectra of (a) CdO/Si SLSC and (b) composited SnO2/CdO/Si DLSC. Core level (c) Cd 3d, (d) Sn 3d XPS
224 spectra.
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225 X-ray photoelectron spectroscopy (XPS) was also conducted tostudy the compositions and
226  chemical states of as-synthesized SnO2/CdO/Si composited solar cell. Fig.6 (a), (b) compare the XPS
227  survey spectrum of CdO/Si and SnO/CdO/Si. In comparison to CdO/Si, the XPS survey spectrum of
228  SnO:/CdO/Si exhibits four additional Sn peaks, and two strongest peaks refer to Sn 3dszand Sn 3dse.
229  When focusing on Cd 3d, we can find that peaks of Cd 3d in Fig. 6 (b) are apparently much weaker
230  than that in Figure 6 (a). Because of a ~40nm thickness SnO: layer covered on top of CdO layer with
231  spin-coating method, XPS signal of Cd was heavily blocked by SnO: layer. The Cd 3d core level
232 spectra of CdO/Si solar cell and SnO2/CdO/Si solar cell are shown in Fig. 6 (c). For CdO/Si, peaks of
233 Cd 3d center at 405.42eV and 412.17eV which are consistent with the values reported for Cd?, while
234 peaks of Cd 3dszand Cd 3dszare located at 405.81eV and 412.57eV respectively for SnO2/CdO/Si
235  solar cell®. There is about a 0.4eV increasement in binding energy of Cd 3d between CdO/Si and
236 Sn0:/CdO/Si, which illustrates that the extraction of nuclei and electrons becomes stronger. It is
237  believed that SnO: crystalline and CdO crystalline are affected by each other and formed a kind of
238  hetero-structure. This new formation of structure gives a vital impact on carrier-transport between
239  different layers and also leads to a drastic improvement in the photovoltaic performance of
240  SnO:/CdO/Si DLSC.

241 4. Conclusions

242 In conclusion, we investigated the photovoltaic performance of crystalline silicon solar cells
243 using different metal oxide layers by band-gap alignment engineering that act as wavelength
244  broadening layers for optical absorption and effective carrier separation and transport layers. The
245 photovoltaic performance of as-synthesied SnO2»/Si SLSC, CdO/Si SLSC and SnO»/CdO/Si DLSC
246  were considerably improved in comparison with original c-Si solar cells. The highest PCE value
247  was 15.09% for SnO2/CdO/Si DLSC as measured while 12.28% for original c¢-Si solar cells. In
248  addition, the recombination of photogenerated carriers were greatly restrained, resulting in a high
249  minority carrier lifetime value. It is believed that by using band-gap alignment engineering,
250  crystalline silicon solar cells still have deeper potential for further exploration.
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