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Abstract

The electrochemical capacitance-voltage (ECV) technique can practically profile carrier concentrations on textured
surfaces, but reliable calibration of the surface area is strongly demanded since it plays a decisive role in calculating
both the carrier concentration and the profiling depth. In this work, we calibrate the area factor of pyramidally
textured surfaces by comparing ECV profiles with cross-sectional scanning electron microscopy image, and found
out it is 1.66, and not 1.73 which was formerly assumed. Furthermore, the calibrated area factor was applied to
POCI; and BBr; diffusions which resulted in comparable diffusion profiles for both textured and polished surfaces.
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1. Introduction

The electrochemical capacitance-voltage (ECV) [1,2] method is commonly used in profiling the
surface doping concentration of silicon solar cells [3,4] due to its reasonable cost of the measurement
equipment and the increasing reliability achieved by the effort of the equipment suppliers. While
secondary ion mass spectroscopy (SIMS) has difficulty in characterizing textured wafers, ECV can
practically measure them by assuming the area factor ([surface area] / [projected area]) is known.
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However, many publications still report the results measured on polished wafers as the reference for
textured wafers. The textured wafers got the doping process simultancously with the reference and will
be processed to completed solar cells. This is almost the same procedure when SIMS is employed [5]
with which the depth calibration on textured wafers is quite challenging. In other publications, there is no
clear statement on the area factor though the description implies the measurement was carried out using
textured wafers. It is probably due to the lack of evidence which proves the reliability of the area factor.

So far, Bock et al. used 1.73 as the area factor for pyramidally textured surfaces and calibrated with
the sheet resistance measured by 4 point probes [3], assuming the validity of the SEMI standard table [6]
which correlates the resistivity of silicon with the carrier concentration even for highly doped textured
surface. WEP, an ECV equipment supplier, also recommends the use of 1.73 (or 1.7, considering the
effective digits) for pyramidally textured surfaces in its operation manual [7], and instructs a practical
calibration by using a textured wafer with known resistivity before getting diffusion. The accuracy of this
calibration is not well insured because it depends on the depletion layer thickness during the capacitance-
voltage (C-V) measurements. Due to the base doping, it can be as thick as 0.3 um which is of the ~10%
range of the texture geometry when a typical solar cell wafer is used.

Heinrich et al. measured the ECV profiles of laser-doped multicrystalline surfaces using the area factor
obtained by 3-dimensional confocal microscope [4]. This method relies on the definition of a data-
smoothing procedure since the acquired data include a lot of scattered noise which makes it difficult to
define a 3D geometry, especially for textured surfaces. The equipment has a potential difficulty in
accurate definition of textured solar cell surfaces because it employs the reflection of perpendicular light
beam as the probe while the textured surface is designed to prevent such reflection itself.

In this study, we employ cross sectional observation for the calibration of ECV using scanning electron
microscopy (SEM) imaging. Several reports in literature state that a highly doped p'-Si layer has a larger

secondary electron yield than a less doped substrate when a cleaved surface is observed using SEM [8-10].

We compare ECV doping profiles with the cross sectional observation of the p'-doped layer for both
polished and pyramidally textured surfaces to calibrate the area factor. In addition, we verify the
calibration by comparing the ECV profiles between polished and textured surfaces which are processed
with POCI; or BBr; tube furnace diffusion simultaneously.

2. Experiment

ECV calculates the surface carrier concentration of semiconductors from the C-V measurement of the
quasi-Schottky junction which is formed with the electrolyte [1] that is NH4HF, in case of silicon [2,7].
The electrolyte also intermediates electrochemical etching, and the etched depth can be calculated from
the integrated charge of the etching current. By repeating C-V measurement and etching alternately, ECV
enables to clarify the depth profile of the electrically active carrier concentration near the surface. The
carrier concentration N is calculated as:

N= -2 . > (1)
o d(1/C")
dv
where, ¢ is the unit charge of electron; ¢, is the relative permittivity; &y is the permittivity of vacuum; A4 is
the area of the measurement spot; C is the capacitance; and V is the bias voltage. The profiling depth x is:
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where, x¢. is the etched depth; wqe, is the depletion layer thickness; Q is the total charge derived from
integration of the etching current; ny is the number of effective valence electrons; M,,,; is the mass of 1
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Fig.1. Characterization of a boron-diffused layer on an n-type wafer with a polished surface by (a) cross sectional SEM; (b) ECV.
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Fig. 2. Characterization of a boron-diffused layer on a p-type wafer with a polished surface by (a) cross sectional SEM; (b) ECV.

mol; p is the density; N, is the Avogadro constant; and V75, is the flat band voltage of the junction. As
seen in equations (1) and (2), the measurement spot area A plays a decisive role in the determination of
the dopant profile. WEP CVP21 is employed for ECV profiling with the diameter of 0.357 cm for the
measurement ring corresponding to 0.100 cm” for 4.

We evaluated mono crystalline silicon because a cross section for SEM imaging can easily be prepared
by cleavage on a (011) plane. For highly doped p'-Si layer which appears as brighter contrast than
lightly-doped base of the wafer, we used BBr; diffusion to prepare samples with a p -Si layer on top.
JEOL JSM-6330F and Hitachi SU-70 were employed for SEM observation, and the accelerating voltage
of the electron beam was fixed at 1.0 kV in this work.

3. Results and discussion
3.1. Polished surface

Figure 1(a) shows a cross sectional SEM image of a boron-diffused layer on an n-type wafer with a
polished surface and (b) shows its doping profile measured by ECV. The final etched depth of ECV is
calibrated by Veeco Dektak 8. Although the p-layer depth is indicated as 1.1 pm by ECV, the bright
layer thickness observed by SEM indicates 850 nm where the ECV indicates N = 1.0x10"® cm™. Figure
2(a) and (b) are a SEM image and an ECV profile for a boron-diffusion performed on a p-type wafer.
Here, the contrast difference is observed at a depth of 440 nm where N = 1.0X 10" cm™, which confirms
the contrast difference appearing at the p'p border where N = 1.0x10"® cm™ and not at the actual pn-
junction. This is even favourable because ECV profiling is not good at exactly determining the pn-
junction border due to the complicated physics of over 100 nm depletion layer formation caused by both
of the quasi- Schottky junction and the pn-junction. Meanwhile, the [1/ C*-V] curve looks straight enough
to obtain tangible d(1/C)/dV when N ~ 1.0x10'® cm™ where the depletion layer is as thick as 10 nm.

3.2. Textured surface

While SEM observations focus on microscopic areas, ECV evaluates the sample in a macroscopic way.
In the case of a polished surface, the microscopic features of an area observed using SEM can be assumed
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Fig. 3. Characterization of a boron-diffused layer on a textured surface by (a) cross sectional SEM with“(b) observation for a
textured surface and (c) ECV profiles calculated assuming area factors are 1.50, 1.64, 1.66, 1.73, and 1.90. 1.64 corresponds to
pyramid with the top angle as 75.0°, 1.66 as 74.2°, and 1.73 as 70.5° with perfect (111) plane as the micro triangle.

to extend over a macroscopic region even covering the larger ECV measurement spot. But for textured
surfaces, several questions arise whether the microscopic and macroscopic features are similar, such as,
(i) whether diffusion takes place in the same way either on a facet, at a peak, or in a valley; (ii) whether
the depletion layer thickness which determines the capacitance is uniform throughout the ECV
measurement spot; (iii) whether electrochemical etching takes place uniformly; (iv) whether the contrast
border in the SEM image appears similarly at N = 1.0x10'® cm™ as discussed in the previous section, etc.

Figure 3(a) shows a cross-sectional SEM image of a boron-diffused surface with pyramid texture
whose size is typical for commercial solar cells. 590-690 nm thickness of the p'-doped layer can be
observed brightly at the top, while the pyramid size is at the range of 3-8 um. The top angle is 75.0°
which is larger than 70.5° when the micro facet is a perfect (111) plane. It is also reported by Baker-
Finch ef al. [11] that it is closer to 76°-80° than the commonly accepted value 70.5°.

With respect to the microscopic features, it is still difficult to answer questions (i-iii) mentioned above.
But the large difference is observed in the sizes among the texture geometry, the diffused layer depth, and
the atomic order where these phenomena take place. Though peaks and valleys may have some influence
on the uniformity, the influence will presumably be overwhelmed by the macroscopic ECV measurement.

Regarding question (iv), the diffused layer at point (C) in Fig. 3(a) is perpendicular to the cleaved
surface as shown in Fig. 3(b), but those at (A) and (B) are not. This means the contrast difference at point
(C) appears because of the same physical effect as the secondary electron emission from polished surfaces
observed in Figs. 1(a) and 2(a). Therefore, the contrast difference should appear at N = 1.0X 10" em™ as
well. Wager et al. attempted 2D doping profiling of textured surface [12], but the physics of the
secondary electron emission must be carefully investigated considering the geometry difference among
points (A), (B), and (C) in Fig. 3(b). It will be even more complicated for non-pyramid texture.

ECV measurement on a textured surface is practically possible, but considering equations (1) and (2),
the area 4 should be described as:

A=FA, )
where F is the area factor of the textured surface and A4' is the measurement spot area. In case of pyramid
texture, using microscopic area factor F, whose top angle is 6, it can be described as:

F:i F A :iz#, 4
A R A cos(90° - 0°/2)
assuming the micro triangle plane is perfectly flat, where 4", is the projected area of the micro triangle.

Figure 3(c) shows the calculated curves of ECV profiling from the same sample as is presented in Fig.
3(a), with assuming F as 1.5, 1.64, 1.66, 1.73, and 1.9. 1.64 is for § = 75.0° and 1.73 corresponds to /3
for perfect (111) plane as the triangle with § = 70.5°. The bright layer thickness at point (C) in Fig. 3(a)
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Fig. 4. Examples ECV profiles of (a) 2 POCl; runs and (b) 2 BBr; runs, where 1.66 is employed as area factor for textured surface.

w
o

N
5}

1.66)

N
o

N (textured) (AF:
o &
A

x{B-x |

AP x

Wi
-

B

.

x
. T fr=1) yI‘D El Eltl l
] $ m - T “T" 1]
— 05 Ea3 l
3 ] X
Z O0-rT—T—T 7T T T T T T T T T T T T T T T T T T T T T T T[T T T 71
k= HA HE HE HT #8 #O #10#11#12#13#14#15#16 #17 #18 #20 #21 #22 #23 #24 #26 #27 #28 #29 #30 #31[B#1 BH2BH3IB#4
= POCI BBr

Fig. 5. Statistics of 26 POCIl; and 4 BBr; runs. Linearly interpolated carrier concentration N at every 2-nm depth is calculgted and
N for polish is divided by N for texture at each depth when both N >3x10'"cm™. Each box plot represents 25-75% with
median, whisker for 5-95%, a small square for average, “X” for 1 and 99%, and “-” for minimum and maximum.

which is at a depth of 590 nm coincides well with the ECV profiling depth assuming F as 1.66
corresponding to @ = 74.2°. This is closer to 1.64 rather than 1.73 which is formerly assumed [3,7], and
reflecting the geometry observed using SEM pretty faithfully. The top angle may be a few degrees
different from 75.0° when the texturing batch is different, but the result suggests the area factor calculated
from the top angle of the pyramids will be pretty close to that for ECV and practically usable for the
profile calculation.

3.3. Application and statistical verification of calibrated area factor

As mentioned in section 1, polished wafers are often used as the reference for textured wafers which
got the doping process simultaneously. These doping profiles can be now directly compared using the
calibrated area factor of 1.66. We carried out 26 different POCI; diffusion runs and 4 different BBr;
diffusion runs followed by ECV measurement of both pyramidally textured and polished surfaces. An
industry-scale POCl; and BBr; tube furnace Tempress TS81103 was used for diffusion [5,13]. In each
diffusion run, the textured and the polished wafers are placed face to face with a gap of 4.6 mm, and the
ECV measurement spots were chosen so as both of the spots are also facing each other. With such
sample preparation, the two ECV measurement spots of polished and textured surfaces should have nearly
identical vapour condition with the same temperature history, and they are likely to have the same doping
profiles in most cases.

Figure 4 shows example ECV profiles of (a) 2 POCI; runs and (b) 2 BBr; runs where 1.66 is employed
as the area factor for the textured surface. In each case, 2 profile curves of polished and textured are
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pretty close to each other.

To verify the application numerically and statistically, linearly interpolated carrier concentrations (N)
at every 2-nm depth are calculated for each profile curve. Then, the deviation ratio (N(polished) /
N(textured)) at each depth is calculated by dividing N for polished by N for textured in case both N values
are larger than 3x10'" cm™. Figure 5 shows the statistics of the deviation ratio of the 30 diffusion runs.
Overall, the averages of the ratio are almost in the range of 1.0-1.5, and 25-75% ranges are within 0.7—
2.0. BBr; groups show smaller deviation probably because the SEM calibration was carried out by
boron-diffused wafers. But the application to POCI; also shows that the deviation is within an acceptable
level, considering the red curve in Fig. 4(a) is POCI; #10 in Fig. 5 whose median deviation ratio is 1.5.

In this way, the application of the calibrated area factor 1.66 was evaluated for pyramidally textured
surfaces for ECV measurement and resulted in comparable diffusion profiles as for the polished ones.
This suggests that potential bottlenecks as described in section 3.2 (questions i-iii) are not limiting the
quality of our procedure. The result also supports the wide use of polished wafers as the reference for
doping profile of textured wafers by tube furnace diffusion.

4. Conclusion

ECV profiling and cross-sectional SEM imaging were compared using boron-diffused p'-Si layers.
For polished surfaces, contrast difference was found to appear between p'- and p- layers at N = 1.0x10"®
cm™. For pyramid textured surfaces, the area factor F was fitted in such a way that the depth at N =
1.0x10"® ¢cm™ profiled by ECV should be equivalent to that of the contrast difference in the SEM image.
The fitting resulted in /' = 1.66 which corresponds to the top angle of 74.2° that is close to 75.0° in the
same SEM image, and not 1.73 which used to be assumed. Furthermore, the calibrated area factor was
applied to tube furnace diffusions of 26 different POCIl; runs and 4 different BBr; runs which resulted in
comparable diffusion profiles for both textured and polished surfaces.
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