
1. Introduction 

Tunnel-recombination junction (TRJ) is a significant compo-

nent in a silicon-based tandem solar cell1-10) as well as in organic 

solar cells11). Various investigations show that an optimized p/n 

junction is necessary to improve the performance of the tandem 

cell. Charge carriers from the two-neighboring sub-cells should 

recombine in the TRJ. However, when the TRJ structure is not 

optimized, a tandem solar cell may show a poor current–voltage 

(I–V) characteristic curve. One of the primary reasons could be 

the sharp band bending at the p/n interface that prevents the 

electron–hole transfer across the junction. Such a sharp band 

bending can be modified by a suitable buffer layer, as is 

investigated here. 

Therefore, one of the basic requirements to obtain a high 

efficiency tandem solar cell is an optimized TRJ. The TRJ 

should be formed at the interface between the two cells, where 

doped p-type and n-type layers of two sub-cells meet. In a p–i–

n-type top cell, this junction is formed by the n-type layer of the 

top sub-cell and the p-type layer of the bottom one. As per 

quantum mechanical principle, the tunneling across a barrier 

depends on the barrier height and its width; a lower barrier 

height and a thinner barrier can show higher tunneling. 

Furthermore, not only tunneling but also a recombination of the 

charge carriers is required. A defective interlayer can enhance 

such a recombination1,6,12). However, the total recombination 

can decrease with a thinner interlayer. Therefore, an optimized 

TRJ also involves an optimized interlayer thickness. In our 

investigation, we observed the optimization by estimating the 

variation in the device characteristics when TRJ thickness was 

varied; in an optimized device, its efficiency is the highest. 

Various interlayers were investigated for the TRJ; for example, 

a p-type microcrystalline silicon layer4), p+ a-Si:H layer8,13), n- 

type micro-crystalline silicon14), microcrystalline silicon oxide 

layer15,16), microcrystalline n–i–p junction4,5,17), and organic thin 

film11). These investigations further indicate the need for an 

optimized TRJ in a tandem solar cell.

Silicon tandem solar cell contains amorphous or nano-

crystalline silicon layers. The amorphous and nanocrystalline 

silicon layers are popular components in a tandem cell and also 

popular for the TRJ formation. A thin a-Si:H layer can act as a 

passivator, separator or recombination center. In a tandem cell, 
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the efficient recombination of the electron–holes from the 

neighboring cells to the TRJ is necessary. A defective thin 

a-Si:H layer at the TRJ can enhance the carrier recombination 

thereby improving the device efficiency. Several investigations 

suggest that such a thin a-Si:H layer can efficiently recombine 

the carriers. In our investigation, we observed the optimization 

by estimating the variation in device characteristics when the 

TRJ was varied. Therefore, in an optimized device, the expected 

efficiency of the device is the highest. 

2. Experimental Details

We used an a-Si:H/HIT-type tandem cell structure: The top 

cell was the amorphous silicon type while the bottom cell was a 

c-Si-based heterojunction with a thin intrinsic amorphous 

silicon passivation layer, or a HIT cell. The amorphous or nano-

crystalline layers were deposited at 13.56 MHz radio-frequency 

(RF) plasma-enhanced chemical vapor deposition (RF-PECVD), 

while transparent conducting oxide (TCO) electrodes were 

deposited by RF magnetron sputtering. Ag/Al metal electrodes 

were deposited by thermal evaporation. A schematic diagram of 

the tandem solar cell is shown in Fig. 1.

The source gases used in the PECVD system were silane 

(SiH4), germane (GeH4), carbon dioxide (CO2), hydrogen (H2), 

phosphine (PH3), and diborane (B2H6). Different layers were 

deposited using different deposition conditions and source 

gases. A brief summary of the deposition conditions for all the 

layers are listed in Table 1.

Between the two sub-cells of the tandem cell, the HIT-type 

bottom sub-cell was prepared first, using c-Si wafers. At the 

front (polished) side of the wafers, the a-Si:H(i) passivation 

layer and a-Si:H(p1, p2) emitter layers were deposited. Subse-

quently, the a-Si:H(i) and a-Si:H(n+) layers were deposited at 

the back side of the wafers. Among the set of bottom sub-cells 

we investigated, the deposition conditions of the a-Si:H(i/n+) 

were kept unchanged, while the gas phase doping ratio and 

hydrogen dilution ration of the emitter bi-layer (a-Si:H(p/p+) 

were altered to enhance the quality of the emitter. Subsequently, 

the cell was dipped into 1% hydrofluoric acid for 60 s to remove 

the native oxide to improve the interface properties. Next, an 

additional p-type nc-Si:H layer, as a tunnel-recombination 

buffer (TRJ-buffer) layer, was optimized to improve the TRJ 

Table 1. Deposition conditions of Si-based tandem junction solar cell

Layer
Temp.

(℃)

Power

(W)

Gap

(mm)

Press.

(mTorr)

Gas flow (sccm) Thickness

(nm)SiH4 H2 GeH4 CO2 PH3 B2H6

HIT

Bottom cell

n2 200 280 20 3000 33 1000 6.7/100 140

n1 200 130 20 3000 33 3000 18.3/100 20

i 200 50 20 1500 60 480 5

c-Si (n-type)

i 200 50 20 1500 60 480 5

p1 200 250 12 5000 30 2700 6.4/100 5

p2 200 250 12 5000 40 1600 33.3/100 3

TRJ-Buffer p-type nc-Si:H 180 300 20 1500 5 800 0.3/100 75

a-Si:H 

Top cell

n 180 50 40 200 30 120 30/100 40

n/i buffer 180 20 20 400 10 40 10

i

180 25 25 300 5 20 5 200

180 25 25 300 5 20 7 200

180 25 25 300 5 20 9 200

i/p buffer 180 20 20 400 10 40 20

p1 180 20 20 1500 5 500 10 1.5/100 10

p2 180 300 20 1500 5 800 0.3/100 25

Fig. 1. Schematic diagram of Si-based tandem junction solar 

cell with the buffer layer. TRJ-buffer layer is indicated as 

“interlayer”
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with the n-type layer of the top cell. Subsequently, n-type 

a-Si:H, n/i buffer, i-type SiGe:H, i/p buffer p-type a-SiOx:H, 

and p-type nc-Si:H layers were deposited in this order. 

An indium tin oxide (ITO) film of 200±5 nm thickness was 

then deposited by RF magnetron sputtering, followed by the 

thermal evaporation of aluminum as finger-electrodes at the 

front side of the cells, and silver electrode was deposited on the 

entire rear surface for back contact. The area of the solar cell was 

0.36 cm2, determined by 6 mm × 6 mm shadow masks that was 

used in determining the surface area of the deposited layers. 

Subsequently, a suitably optimized MgF2 anti-reflection coating 

(ARC) layer was deposited at the front surface of the cells. In our 

present investigation, we used textured Si wafer and varied the 

TRJ-buffer of the tandem cell structure. The solar cell current 

density–voltage (J–V) characteristics were measured under 

AM1.5G insolation, and the external quantum efficiency (EQE) 

was measured using the QEX7 (PV Measurements, Inc.) 

The complete structure of the tandem cell is given below, 

starting from the top (sun-facing) layer: MgF2/(Ag/Algrid)/ ITO/ 

p2-nc-Si:H/p1-a-SiO:H/i-a-Si:(buffer)/i-SiGe:Hgrading(GeH4

=0.9,0.7,0.5)/n-a-Si:H(buffer)/n-nc-Si:H/p-nc-S:Hi(buffer-TR

J,75nm)/p2-a-Si:H/p1-nc-Si:H/i-a-Si:H/c-Si(n-type)/i-a-Si:H/

n1(n+)-a-Si:H/n-a-Si:H/Al.

3. Results and Discussion

3.1 TRJ-buffer

The TRJ-buffer was a p-type nc-Si:H (p-nc-Si:H) prepared 

with 0.06% B2H6 doping and high hydrogen dilution, i.e., a 

1:160 ratio of SiH4 to H2. The composition of this layer was kept 

unchanged but we varied its thickness from 50 nm to 125 nm. To 

improve the TRJ, a boron-doped nanocrystalline thin-film silicon 

(p-type nc-Si:H) was used as an interlayer between the two 

sub-cells. In the top sub-cell, an a-Si:H (Eg of 1.8 eV) was used 

as the absorption layer or active layer. 

The basic theory of p/n junction tunneling was developed by 

Keldysh and Kane11,12) and the tunneling current density can be 

expressed as follows:

 (1)

  ,

where  ,  ,  

,

Additionally,

In these equations,   is the tunneling effective mass, W is 

the tunneling barrier width, is the electric field in the 

tunneling region, Eb is the tunneling barrier height (equals Eg for 

simple case), FC (E) and FV (E) are the Fermi–Dirac functions for 

the conduction and valence bands, respectively, and ES = min 

(E1, E2) with E1 and E2 the energies measured from the band 

edges. An important assumption in the derivation of equation 

(1) is that the electric field is constant in the tunneling region and 

that the electron kinetic energy varies in a quadratic manner 

within the tunneling region. This equation shows that the current 

density across the tunnel junction depends upon the width of the 

tunneling barrier, W.

By increasing the boron (B) doping in the thin-film silicon, its 

optical bandgap (Eg) and activation energy (Ea) decreased. We 

have also observed that the variations in Eg and Ea are larger for 

the B-doped a-Si:H than that with the phosphorus (P) doping. 

Therefore, the p-type nc-Si:H was considered as a better buffer 

layer or intermediate layer in the p/n tunnel junction of the 

tandem solar cell. Furthermore, the investigations reported 

earlier also indicated that a p-type interlayer can be a better 

option to reduce the resistance of the p/n junction2). The n-type 

a-Si:H layer of the top sub-cell had an Ea of 0.2 eV and an Eg of 

1.81 eV. The p-type a-Si:H layer of the bottom sub-cell had an 

Ea of 0.49 eV and an Eg of 1.75 eV. Of particular importance is 

the p-type nc-Si:H intermediate layer or TRJ-buffer layer that 

had a very low Ea of 0.043 eV, with a higher Eg, the two-terminal 

Si-based tandem junction solar cell displayed a Voc of 1.56 V, Jsc 

of 9.42 mA/cm2, FF of 52.02%, and η of 7.65%, a trend that is 

similar to that of reference2). One of the reasons for the low FF 

and Voc was the poor interface properties owing to the high Ea of 

the p-type a-Si:H for the bottom HIT sub-cell. As the p-type 

nc-Si:H interlayer was inserted, the recombination of carriers 

became easier. Fig. 2 shows the two band structures of the 

interface region on the two-terminal Si-based tandem junction 

solar cell (a) without, and (b) with the p-type nc-Si:H interlayer. 
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The characteristics of the Eg and the Ea shown in Fig. 2 are 

shown in detail in Fig. 3. The Eg of the layers have been deter-

mined with the help of Tauc’s relation18), 

(αhυ)1/2 = A(hυ-Eg) (2)

where h is Plank’s constant, is optical frequency, A is a constant. 

Optical absorption coefficient of the films, measured with the 

help of spectroscopic ellipsometry (SE), and (αhν)1/2 is plotted 

with hν. A linear fit is drawn at the absorption edge region and 

the intercept of the linear fit is used as a measure of Eg. The Ea 

is obtained from the temperature dependent dark conductivity σ

d (T) by the Arrhenius relation19), 

σd(T)=σoexp(-Ea/kT) (3)

where σo is a conductivity prefactor, T is the absolute temperature, 

and k is Boltzmann’s constant. 

3.2 Cell fabrications

Fig. 4. shows (a) the I–V characteristic curves measured at 

room temperature under AM 1.5 G condition, and (b) the 

external quantum efficiency of the two-terminal Si-based 

(a)

(b)

Fig. 2. Schematic band diagram of interface region on 2.04 eV. 

Without the p-type nc-Si:H inter layer two-terminal Si- 

based tandem junction solar cell (a) without, and (b) with 

the p-type nc-Si:H inter layer 

(a)

(b-1)

(b-2)

(b-3)

Fig. 3. The (a) Eg (Tauc-plot) and (b-1, b-2, and b-3) Ea

(Arrhenius plot) properties for the n-type a-Si:H layer of 

the top sub-cell, p-type nc-Si:H buffer layer and the 

p-type a-Si:H layer of the bottom sub-cell
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tandem junction solar cells with different thicknesses of the 

p-type nc-Si:H interlayer. Owing to the variation in thickness of 

the TRJ-buffer layer, the performance characteristics of the 

devices varied significantly. These parameters listed in Table 2. 

Cell #5 did not have an effective tunnel junction owing to the 

larger thickness of the p-type nc-Si:H interlayer. The thickness 

of the TRJ-buffer layer was closely related with the tunneling 

width, W. Therefore, an optimum thickness of the p-type 

nc-Si:H inter layer, which was 75 nm, existed in our devices. 

The current density–voltage (J–V) characteristic curves of the 

solar cells are shown in Fig. 3(a), and clearly shows that the cell 

without the TRJ-buffer (cell # 1) had poorer performance 

among the cells with higher Voc and FF, while the cell with the 

thickest buffer layer, 125 nm for cell # 5, had a poor tandem cell 

structure, with lower Voc and FF. 

The EQE spectra of these cells show a gradual improvement 

in the EQE spectra of the cells from cell #1 to cell #3, where they 

approach towards a matching condition for the current densities, 

with the highest EQE for the top sub-cell. For cell #4, this 

tendency reversed, and the EQE spectra of the bottom sub-cell 

decreased. In cell #5, the EQE and the J–V characteristic curves 

appear strange, probably because the cell was not performing as 

a tandem cell. Therefore, we consider the 75-nm-thick TRJ 

buffer layer as the optimized buffer layer for the tandem solar 

cell. The current densities of the top cell calculated by EQE were 

9.31, 9.18, 9.54, and 9.09 mA/cm2, and the current densities of 

the bottom cell were 21.12, 19.49, 17.90, and 15.96 mA/cm2. 

This shows that the higher efficiency of current matching in the 

top cell and the bottom cell, the higher efficiency of the tandem 

solar cell is possible. In particular, the current density is matched 

due to the low current density of the top cell, and thus there is a 

limit that shows lower efficiency than the c-Si single junction 

solar cell. However, if the spectral characteristics can be shifted 

to shorter wavelengths by applying higher bandgap material to 

the top cell and be got higher current densities on the top cell, the

efficiency of the tandem junction solar cell can be improved. 

4. Conclusions

Our results showed that the thickness of the TRJ buffer layer 

plays a significant role in improving the performance of the 

tandem solar cell. Here, the p-type nanocrystalline silicon layer 

was used as the buffer layer. Because of its low activation 

energy, the tunneling and recombination at this layer improves, 

as reflected in the improved device performance. We considered 

the thickness of this layer as closely similar to the width of the 

(a) (b)

Fig. 4. (a) I–V characteristic curves measured at room temperature under A.M 1.5 G condition, and (b) external quantum efficiency of 

the two-terminal Si-based tandem junction solar cells with different thicknesses of the p-type nc-Si:H interlayer

Table 2. Solar cell parameters calculated by I–V characteristics curve of the two-terminal Si-based tandem junction solar cell with 

different thicknesses of the interlayer

Cell No. TRJ-buffer Voc (V) Jsc (mA/cm2) FF (%) Eff. (%)

#1 without buffer layer 1.56 9.42 52.02 7.65

#2 with buffer layer 50 nm 1.61 9.27 73.52 10.97

#3 with buffer layer 75 nm 1.60 9.63 76.23 11.74

#4 with buffer layer 100 nm 1.59 9.15 76.65 11.15

#5 with buffer layer 125 nm 0.62 41.63 38.81 10.01
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tunnel junction, W. With a thicker barrier, the tunneling and 

recombination was worse than that with a thinner or even 

without a TRJ-buffer layer. Therefore, the 75-nm-thick buffer 

layer showed the best device performance.
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