

















2.4. Junction Engineering

Figure 2.6: Doping pro“les across the wire cross...section. The symbols represent experi-
mental measurements and the continuous lines show the simulated diffusion pro“les.
Vertical black lines de“ne the position of the junction, while grey areas represent de-
pleted regions for four different situations: (a) Na = 6.5x 10" cm>3, = 1.86um; (b)
Na=65x10Mcm®3, = 2.4um;(c) Na=3.5x 10" cm>3, = 1.86um; (d) Na= 3.5x 10'°
cm®>3, = 2.4pm.

21



Chapter 2. Radial Junction Engineering on Si Microwire-Array Solar Cells

As shown in Figure 2.6, the fitting of the doping profiles for a diffusion of POCl; at 850°C and
35 min (corresponding to the continuous lines) are in agreement with CV measurements. As it
can be seen, the higher is the doping level of the substrate the shallower is the junction and
the higher the gradient within the shell. In order to understand how these two phenomena
could affect the performance of the device, we have calculated the depletion width in both
regions by solving Poisson’s equation at the junction. Assuming the continuity of the electric
field, ¢, at the junction and fixing the differential potential between n and pregions to be equal

to the built-in voltage (V4), this yields [53]:
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Figure 2.7: External quantum efficiency as function of the diameter for (a) Na = 4.2x10%cm ™3,

(b) Na =6.5x 10" cm ™3 and (c) Np = 3.5 x 10'8¢m=3. (d) Comparison of the EQE of all three
p—doping concentrations for a wire diameter of 3.1 um.
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2.4. Junction Engineering

where p is the net charge density, x; is the junction depth and x, and x;, denote the depletion
limits. The depletion widths resulting from these calculations are reported in Table 2.1 and
transposed to the wire cross—section (indicated by grey areas in Figure 2.6). The plot shows
the microwire cross—section with the doping profiles and the depletion region widths for
two different p-doping concentrations (6.5 x 1014 and 3.5 x 10'® cm™3) and wire diameters
(1.86 and 2.4 um). Comparing these two cases, we observe that wires with higher p—doping
concentration present thinner depletion widths (77 nm compared to 555 nm) and shallow
junction depths (270 nm instead of 455 nm). As a consequence, for the smallest microwire
diameter (1.86 um) the core is fully depleted. This occurs for diameters of 1.86 and 2.4 um
when the p-doping concentration is 4.2 x 10'* cm™3 and for a diameter of 1.86 um in the case
of a p-doping concentration of 6.5 x 104 cm ™3,

External quantum efficiencies (EQE) for all three dopings are compared in Figure 2.7. As
shown in plots (a) and (b) of Figure 2.7, the quantum efficiency decreases significantly for
small diameters and low p-doping concentrations, especially in the visible regime as the light
is mainly absorbed in the wires. For long wavelengths, photons are absorbed beneath the
wires [54] and the EQE for all the diameters becomes similar.

These low efficiencies for fully depleted wires could be explained by an enhancement of the
recombination rate within the depleted shell [55,56]. In order to align the Fermi level at both
p and n sides, conduction and valence bands bend upward at the core of the wire. Thus, due
to the internal electric field created by the band bending, electrons tend to move to the shell
and holes are pushed to the core. However, a reduction of the wire diameter leads to a fully
depleted core. In this case, holes get confined at the axis of the wire and the electron-hole pair
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Figure 2.8: Sketch of the band diagram profile and carrier separation dependence on the
relation between depletion width, W, and core radius, Reore. Ec and Ey denote conduction and
valence band, respectively.
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Table 2.1: Summary of the electrical characteristics of microwire arrays with different p-doping
concentrations and diameters. The height of the microwires is 37 um.

[0) Ny Junction Depletion Jsc Voc FF n
(um)  (cm™3)  depth (nm) width (nm) (mA/cm?) (V) (%)
4.2x10M" 610 758 20.0£0.5 053 0.74+0.06 7.9+0.2
1.86 6.5 x 104 455 555 19.840.2 0.55 0.71+0.37 7.7+0.5
3.5x 1016 270 77 22.3+0.4 054 0.58+0.39 6.9+0.5
4.2 x10™" 610 758 21.6+0.3 0.53 0.73+0.01 8.4+0.1
2.40 6.5x 10 455 555 23.340.1 0.53 0.64+0.08 7.940.1
3.5x 1016 270 77 22.4+40.2 054 0.57+0.26 6.8+0.4
4.2 x10™" 610 758 24.9+0.3 053 0.73+0.21 9.7+0.3
3.10 6.5x 10 455 555 24.440.2 054 0.68+0.23 9.0+0.3
3.5x 1016 270 77 22,7403 050 0.50+0.22 5.8+0.3
4.2x10™ 610 758 18.9+0.3 0.53 0.76+0.04 7.6+0.1
planar 6.5 x 101 455 555 20.3+0.2 055 0.74+0.23 8.3+0.3
3.5x 1016 270 77 17.940.2 0.55 0.62+0.04 6.1+0.1

recombination increases strongly. Hence, current is limited by photogenerated electrons. This
effect is qualitatively illustrated in Figure 2.8.

To further illustrate this effect on the performance of the devices, the solar power conversion
efficiencies were also measured under an AM 1.5G illumination, obtaining a maximum mean
efficiency of 9.7%. All the results summarized in Table 2.1 were averaged over 4 samples
fabricated under the same conditions. They show that both fill factor (FF) and efficiency (1)
increase when decreasing the p—doping concentration. This enhancement could be explained
by a decrease of the bulk recombination [57], as it demonstrates the EQE curves of the 3.1-
pm-diameter nanowire arrays for the three different p~doping levels (Figure 2.7d). Clearly,
long-wavelength photons, which are absorbed in the bulk, are collected more efficiently (i.e.
recombination decreases) when the doping concentration of the substrate is lower. These
measurements also suggest that the larger is the undepleted core, the higher is the short-circuit
current density, presumably as a result of increased carrier collection. It should be noted that
this statement can only be true as long as the distance from the center of the nanowire to the
depletion region is smaller than the diffusion length of the minority carriers.

2.4.3 Variation on the Doping Concentration of the n-Shell

Next, the effect of the doping concentration and thickness of the shell was analyzed. In order to
do so, the doping of the substrate was kept constant to 3.5 x 10'® cm™ and the n-type doping
was varied by diffusing POCI; at two different temperatures: 900 and 850°C. The measured
and calculated n—-doping profiles for these two cases are depicted in Figure 2.9a and 2.9b,
respectively. As the diffusion of dopants increases with the temperature, the thickness of the
shell in the case of a diffusion at 900°C is thicker (635 nm) than the one created with a diffusion
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