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Abstract—An alternative boron emitter diffusion process called
rapid vapor-phase direct doping (RVD) is studied and applied
to n-type silicon solar cells with a tunnel oxide passivated elec-
tron contact (TOPCon). The RVD emitter diffusion process occurs
under an atmosphere containing only the dopant gas and hydro-
gen. Thus, compared with standard tribromide diffusion processes,
no oxygen is present. Hence, no boron glasses form during the
RVD process. Consequently, a faster diffusion process with fewer
chemical treatments after the diffusion process compared with
standard tribromide processes is possible. In this paper, three
different RVD emitter surface dopant concentrations and dopant
depths were achieved by process parameter variations. These RVD
emitters were applied to TOPCon cells, and their cell charac-
teristics were compared with profiles of TOPCon reference cells
with standard boron-diffused emitters. Up to 24.0% cell efficiency,
697.6 mV open-circuit voltage, 41.8 mA/cm2 short-circuit current
density, and 82.1% fill factor were reached by the best TOPCon
cell with an RVD emitter. Nevertheless, compared with the refer-
ence, all cells with RVD emitters exhibited efficiency losses. Hence,
to further optimize cells with RVD emitters, in-depth characteri-
zations were conducted. The cell efficiency of cells with an RVD
emitter is mainly limited by two main reasons: First, effective car-
rier lifetime degradation was observed, resulting in voltage losses,
and second, for RVD diffusion temperatures above 980 ◦C, a flat-
tening of textured cell surfaces was detected leading to current
losses. In order to overcome these issues, an adapted two-step RVD
emitter diffusion process is suggested for future experiments.

Index Terms—Boron, diffusion process, photovoltaic cells, p/n-
junction.

I. INTRODUCTION

IN THE field of n-type Si photovoltaics, liquid tribromide
(BBr3) as a dopant material is often used to generate boron

emitter diffusion in order to form a p/n-junction. During this
emitter diffusion process, gases stream along both Si wafer
surfaces at temperatures ranging from 800 to 1100 ◦C within
a tube furnace under an ambient atmosphere containing oxy-
gen (O2)[1]. During the diffusion process, p+ regions and
boron-doped silicate glasses are formed on both wafer surfaces.
Thus, after the emitter diffusion process, high-concentrated
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hydrofluoric acid is needed to remove boron-doped glasses
from both wafer surfaces. In addition, a p/n-junction is usually
only needed on one wafer face, and further chemical treatments
are required to remove the unwanted p/n-junction from one of
the wafer faces. In general, such chemical treatments are cost-
intensive and critical in terms of waste treatment.

To form an adequate p/n-junction, the p+ emitter diffusion
process lasts at least 45 min, which is long compared with the
duration of other cell-processing steps. A summary of typical
durations of boron emitter diffusion steps is given in [2]. More-
over, as an example, multicrystalline materials degrade during
high-temperature treatments, and a reduced dwell time at high
temperatures might be beneficial.

An alternative to the emitter diffusion process described so
far is the so-called rapid vapor-phase direct doping (RVD) emit-
ter [3]. The most significant difference between the standard
emitter diffusion and the RVD emitter diffusion is that the pro-
cess ambient air contains hydrogen (H2) instead of O2 . For
the RVD process, diborane (B2H6) is used as the dopant gas,
which is diluted in hydrogen. Hence, the formation of a silicate
glass layer during the emitter diffusion process is prevented,
and the dopant (here boron) is directly transferred from the gas
phase into the silicon. Thus, the emitter diffusion time can be
reduced, and no chemical treatments to remove unwanted sili-
cate glasses are needed. With that, the RVD emitter profiles can
be designed by varying only the B2H6 concentrations, diffusion
temperatures, and diffusion durations. In addition, the furnace
used for the RVD emitter processes presented in this study was
arranged such that the emitter formation occurred on one wafer
surface only, omitting the need to remove the diffusion layer on
the unwanted side. Again, compared with the standard emitter
process, a reduction in the amount of chemicals consumed is
possible.

Among others, RVD emitters were applied as front junctions
in n-type Si solar cells with tunnel oxide passivated contacts
(TOPCon) on the rear [4], [5], and they achieved efficiencies as
high as 23.3% [6]. Those results indicated that the cells with the
RVD emitter suffered from a shallow emitter diffusion profile,
which caused higher series resistance losses and additional
recombination in the space charge region compared with
reference cells with a standard emitter diffusion. Consequently,
to avoid the efficiency losses, optimized RVD emitter profiles
using longer diffusion times or higher diffusion temperatures
than those mentioned above should be employed. These
types of RVD diffusion processes have been studied by
Kühnhold-Pospischil et al. [7]. In that study, emitter surface
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Fig. 1. Temperature profiles of the three RVD diffusion processes [7]. To reach
the diffusion temperature, the temperature was ramped from room temperature
up to the desired diffusion temperature in approximately 5 min, and after the
diffusion process, the sample was cooled from the diffusion temperature to room
temperature in approximately 25 min.

concentrations between 5 × 1018 cm−3 and 5 × 1019 cm−3

and a p-n junction depth between 0.18 µm and 0.7 µm were
achieved by varying the diffusion parameters.

In this contribution, each of these RVD emitter profiles was
applied as a front-side emitter on high-efficiency n-type Si solar
cells with TOPCon rear contacts. All cell characteristics are
studied and discussed with respect to the RVD emitter profiles.

II. EXPERIMENTAL DETAILS

A. Experimental Design

For the experiments, float-zone. 4
′ ′
, n-type Si wafers with a

base resistivity of 1 Ω cm were used. Details about the spe-
cific structuring processes, geometries, and metallization of the
TOPCon solar cell concept used for the following experiments
can be found in [8]. Hereafter, only the emitter variation and
process steps relevant for the further discussion are described.

As an emitter reference, standard BBr3 emitter diffusion was
performed within a tube furnace. First, a subgroup of the ref-
erence cells received a selective emitter [8]. Prior to the sheet
emitter diffusion processes, the wafer surface was textured. For
the sheet emitter, a 140 Ω/� emitter similar to the emitter de-
scribed by Benick et al. was applied [9]. The RVD diffusion
process was performed in the rapid thermal chemical vapor de-
position (RTCVD 160) apparatus [10], [11]. In order to obtain
three different surface doping concentrations and doping depths,
three different RVD diffusion temperatures (980 ◦C, 1030 ◦C,
and 1100 ◦C), two different diffusion temperature durations (15
min and 30 min), and two different process gas fluxes (0.3 slm
and 1.5 slm) were applied. All three resulting temperature pro-
files are shown in Fig. 1. The process gas flux given in slm refers
to hydrogen gas mixed with 0.25% B2H6 of the dopant gas.

Before the RVD process was conducted, one half of the RVD
group with the 980◦C diffusion temperature got the same selec-
tive emitter as the reference.

A summary of emitter variations is given in Table I. For sim-
plification, a group name was defined for each emitter variation.
In the following, Ref. refers to reference cells and RVD to RVD

TABLE I
RVD DIFFUSION TEMPERATURE, DIFFUSION TEMPERATURE DURATION, AND

GAS FLUX OF HYDROGEN MIXED WITH 0.25% B2 H6 DOPANT GAS

emitter cells. The additional letter “S” indicates the optional
selective emitter. Furthermore, “L” indicates the lowest RVD
diffusion temperature (980 ◦C), “M” the medium RVD diffu-
sion temperature (1030 ◦C), and “H” the highest RVD diffusion
temperature (1100 ◦C). All resulting group names and additional
process parameters are summarized in Table I.

The three different RVD emitter processes were applied to
wafers used for the TOPCon cell process and to one additional
wafer per RVD emitter variation, which is used to characterize
the resulting emitter profile. In total, 18 × Ref.-S cells, 14 ×
Ref. cells, 20 × RVD-LS cells, 17 × RVD-L cells, 28 × RVD-M
cells, and 21 × RVD-H cells were successfully produced.

To measure the resulting emitter profiles, electrochemical
capacitance–voltage profiling was used [12]. TOPCon cells
were characterized using the transfer length method (TLM)
to determine sheet (Rsh ) and contact resistances (ρc) [13].
Current–voltage (I–V) measurements were used to extract cell
efficiencies (η), fill factors (FF ), open-circuit voltages (VOC ),
and short-circuit current densities (JSC ). In addition, calibrated
photoluminescence (PL) measurements to determine τ at 1 sun
along all cell structures [14] were taken from the back side of all
cells prior to the back-side metallization. Moreover, reflectance
(R) and absorption measurements were used to determine inter-
nal quantum efficiency (IQE) and external quantum efficiency
(EQE) [15], and the SunsVoc [16], [17] method was used to
determine the pseudo FF (pFF ) and FF0 as in [18]. Solar
cell surfaces were studied using scanning electron microscopy
(SEM).

B. Experimental Results

In the following section, the experimental results are pre-
sented. The corresponding discussion regarding these results is
given in Section III.

All resulting RVD emitter profiles are shown in Fig. 2. As
shown from Fig. 2, the lowest surface dopant concentration
(∼4.2 × 1018 cm−3) and the lowest dopant depth (∼0.2 µm)
were measured for group RVD-L. In contrast, the highest sur-
face doping concentration (∼3 × 1019cm−3) and highest p/n-
junction depth (∼0.7 µm) were measured for group RVD-H.

The corresponding Rsh values are given in Table II. Rsh de-
creases from approximately 300 Ω/� to approximately 40Ω/�
with increasing RVD surface dopant concentration.



Fig. 2. EVC profiles of RVD emitters produced by varying the diffusion
temperature, diffusion temperature duration, and doping gas concentration [7].
The uncertainty of measurement is 10%.

TABLE II
SHEET RESISTANCES (Rsh ) AND I–V VALUES MEASURED USING

THE BEST SOLAR CELL FOR EACH EMITTER VARIATION

*independently confirmed by Fraunhofer ISE CalLab.

To analyze the impact of the variation in the RVD emit-
ter on the TOPCon cell characteristics, current–voltage (I–V)
measurements were conducted. The best cell efficiencies and
corresponding cell parameters measured for both reference
groups and all RVD emitter groups are summarized in Table II.
The highest η of 24.7% was measured for a reference cell with-
out an additional selective emitter (Ref.). For cells with an RVD
emitter, the highest η of 24% was observed for a cell with the
lowest RVD surface dopant concentration and dopant depth and
an additional selective emitter (RVD-LS). This cell achieved a
VOC of 697.6mV, a JSC of 41.8mA/cm2 , and an FF of 82.1%.
Additionally, a high efficiency of 23.9% was measured for a cell
with the medium RVD surface dopant concentration and dopant
depth (RVD-M). The best cell of the group with the highest
RVD surface dopant concentration and dopant depth (RVD-H)
reached an η of 21.3%.

For a more detailed study of the influence of RVD emit-
ter variations on solar cell parameters, I–V measurements were
conducted for all solar cells, and their corresponding cell char-
acteristics are shown as box plots in Fig. 3. As with the cell
parameters given in Table II, also the mean values of η, VOC ,
JSC , and FF were the highest for both reference groups (Ref.
and Ref.-S) compared with those of all RVD emitter cells (see
Fig. 3). Both reference groups show nearly identical JSC and
FF values. Only VOC is on average ∼5mV higher for Ref.-S
cells. This small VOC gain can be explained by the selective

emitter and is in good agreement with the expected VOC gain of
∼4mV estimated based on an area-weighted J0 calculation.

Moreover, considering the averaged values of the cell pa-
rameters for cells with an RVD emitter, the highest η and VOC
values were achieved by cells from group RVD-LS, the best JSC
values by cells from group RVD-L, and the highest FF values
for group RVD-H (see Fig. 3). Considering the averaged cell pa-
rameters of all TOPCon cells with an RVD emitter and without
the selective emitter (see Fig. 3), η, JSC , and VOC decrease with
increasing RVD surface dopant concentration and dopant depth
whereat the FF increases.

Since τ can influence cell parameters strongly, calibrated PL
measurements were conducted. To limit the influence of optical
differences related to the front-side emitter variation, PL mea-
surements were taken from the back side of all TOPCon cells.
In Fig. 4, a calibrated PL image of seven reference cells (Ref.-S)
and a PL image of seven cells with an RVD emitter (RVD-H)
are shown as examples. As can be seen, the seven solar cells are
combined on one single 4

′ ′
wafer, respectively. In comparison,

the cells from group Ref.-S show a higher lifetime compared
with the cells from group RVD-H. Around these solar cells,
the wafer surface is not textured and capped during the emitter
diffusion process. Hence, no emitter is present. In addition, in
the area of the wafer without any RVD emitter, the wafer from
group Ref.-S shows a higher lifetime compared with the wafer
from group RVD-H. In addition, in the PL image of the wafer
from group RVD-H [see Fig. 4(b)], an area of bad τ values with
a triangular shape can be seen. Similar observations were shown
by Kühnhold-Pospischil et al. [7]. In that study, it is shown that
these structures appear after high-temperature treatments in the
RTCVD 160 even without any additional dopant gases.

A summary of the averaged τ values for all cells is given
in Fig. 5 on a logarithmic scale. Again, the highest τ values
are reached by both reference groups (Ref.-S and Ref.), and
the highest τ values for cells with an RVD emitter are reached
by RVD-LS. For all other RVD cells, τ seems to decrease with
increasing RVD surface dopant concentration and dopant depth.

To further investigate the decrease in JSC values with increas-
ing RVD surface dopant concentration and dopant depth, R and
QE values were measured for all solar cells [15]. Representa-
tive examples of the corresponding results can be seen in Fig. 6.
A comparison between the reference cells [see Fig. 6(a)] and
the RVD emitter cell RVD-LS [see Fig. 6(a) and (b)] shows that
each of the R, IQE, and EQE curves are nearly identical. A
comparison of R between all RVD emitter cells shows that R in-
creases with increasing RVD surface dopant concentration and
dopant depth for each wavelength between 200 nm and 400 nm
and 600 nm and 1100nm. Between 1100 nm and 1200 nm, R
decreases slightly with increasing RVD surface dopant concen-
trations and dopant depth. Also, the IQE for each wavelength
between 200 nm and 500 nm decreases with increasing RVD
surface dopant concentrations and dopant depth.

To further analyze the changes in JSC , R, and QE, the sur-
faces of the reference cells and all RVD emitter cells were
studied using SEM. In Fig. 7, the SEM micrographs of a ref-
erence cell (Ref.-S) surface and the SEM micrographs of a cell
surface from group RVD-H are given as examples. A compar-



Fig. 3. Box plot of efficiencies (η) in (a), open-circuit voltages (VOC ) in (b), short-circuit current densities (JSC ) in (c), and fill factors (F F ) in (d) for TOPCon
cells with a standard BBr3 -diffused emitter with and without a selective emitter (Ref.-S and Ref.), and TOPCon cells with three different RVD emitter profiles
again with and without an additional selective emitter (RVD-LS, RVD-L, RVD-M, and RVD-H). The results were obtained by using the I–V measurement method.
The number next to each data point is the number of cells used for the statistical analysis. The lower and upper limits of each box represent the 25% and 75%
percentile, respectively. Whiskers are limited by the corresponding interquartile distance times the factor 1.5. Data points outside the whiskers are defined as spikes
(represented as crosses). Inside quartiles, the median (horizontal bar) and average (square) are given.

Fig. 4. PL images taken at 1 sun of a reference wafer with a selective emitter
(Ref.-S) in (a) and a wafer with an RVD emitter (RVD-H) in (b). Each wafer
has seven TOPCon cells. Next to the cells, TLM structures are visible as four
vertical black stripes and two small rectangles on each wafer.

ison among the micrographs of all emitter groups produced
reveals that the surface texture flattened with increasing RVD
surface dopant concentrations and dopant depth. No difference
was visible between the reference (Ref.-S and Ref.) and the RVD
emitter cells from group RVD-LS and group RVD-L (results are
not shown here).

To further understand the FF losses, which are mainly visible
for solar cells from group RVD-L, the pFF and FF0 were

Fig. 5. Effective carrier lifetimes (τ ) obtained using the PL method (at 1 sun)
for TOPCon cells with a standard BBr3 -diffused emitter with and without a
selective emitter (Ref.-S and Ref.) and TOPCon cells with three different RVD
emitter profiles again with and without an additional selective emitter (RVD-
LS, RVD-L, RVD-M, and RVD-H). The number next to each data point is the
number of cells used for the statistical analysis. The lower and upper limits of
each box represent the 25% and 75% percentile. Whiskers are limited by the
corresponding interquartile distance times the factor 1.5. Data points outside
the whiskers are defined as spikes (represented as crosses). Inside quartiles, the
median (horizontal bar) and average (square) are given.

determined for all cells. As discussed by Greulich et al. [19], the
difference between pFF and FF is related to series resistance
(RS ) losses. This difference is shown in Fig. 8 (a) for all cells.
pFF − FF values for cells from group RVD-L, group RVD-M,



Fig. 6. Representative reflectivity (R), IQE , and EQE values as a function of wavelength for a cell from group Ref.-S (a), a cell from group RVD-LS in (b), a
cell from group RVD-M in (c), and a cell from group RVD-H in (d).

Fig. 7. SEM micrographs of TOPCon cell surfaces in (a/1) to (a/3) of a cell from group Ref.-S and in (b/1) to (b/3) of a cell from group RVD-H.

and group RVD-H decrease with increasing RVD surface dopant
concentrations and dopant depth. The pFF − FF values from
RVD-LS lie between the pFF − FF values for cells from group
RVD-L and group RVD-M. Because the base resistivity and the
metallization are identical for all solar cells, differences in RS

can be attributed to differences in Rsh and ρc on the front side
of the solar cells. Therefore, the Rsh (given in Table II) and
ρc values are important to further understand the origin of RS
losses. The ρc values for all cells are given in Fig. 9. The ρc
values measured for group Ref.-S and group RVD-LS are on a



Fig. 8. Difference between pF F and F F in (a) and the difference between F F0 and pF F in (b) are shown for all emitter variations. pF F and F F0 were
estimated using the SunsVoc method. Numbers given next to the data points show the number of cells used for the statistical analysis. The lower and upper limits
of each box represents the 25% and 75% percentile, respectively. Whiskers are limited by the corresponding interquartile distance times the factor 1.5. Data points
outside the whiskers are defined as spikes (represented as crosses). Inside quartiles, the median (horizontal bar) and average (square) are given.

similar low level. Ref. and all other RVD cells reveal higher ρc
values. Furthermore, ρc decreases with increasing RVD surface
dopant concentrations and dopant depth. The ρc for group Ref.
is similar to that of RVD-M.

The difference between FF0 and pFF is related to carrier
recombination in the space charge region (j02), ohmic shunts
(Rp ), or other injection-dependent losses [19]. The difference
between FF0 and pFF is shown in Fig. 8 (b). The FF0 − pFF
values from group RVD-M and group RVD-H are similar to those
of both reference groups. Cells from group RVD-LS and group
Ref.-L reveal higher FF0 − pFF values than those of all other
cells.

In the following section, the experimental results are dis-
cussed.

III. DISCUSSION

Efficiency losses observed for all RVD emitter TOPCon cells
can mainly be attributed to losses in VOC observed for all RVD
groups, JSC losses for the RVD groups RVD-M and RVD-H, and
minor influence is attributed to FF losses. VOC and JSC values
decreased with increasing RVD surface dopant concentrations
and dopant depth, while the FF increased with increasing RVD
surface dopant concentrations and dopant depth.

Additionally, τ values of all solar cells decreased with in-
creasing RVD surface dopant concentrations and dopant depth.
The trend of τ is similar to the trend observed for VOC when
representing all τ values in a logarithmic scale. A connection
between VOC and Δn is given as

VOC = VT ln

(
Δn(NA + Δn)

n2
i

)
(1)

whereat VT is the thermal voltage, NA is the doping concentra-
tion of the base, ni is the intrinsic carrier concentration, and Δn
is the excess carrier density. At 1-sun illumination, a relation
between VOC and τ is derived from (1) and is given as

VOC ∝ ln(Δn) ∝ ln(τ). (2)

Thus, Equation (2) describes the observed correlation between
VOC and τ measured at 1 sun. To further verify the correlation
between τ and VOC , the implied VOC was calculated using
Equation (1). To this end, the excess carrier density (Δn) was
extracted from the calibrated PL measurements. The calculated
implied VOC values and the measured VOC values are nearly
identical (not shown here). Hence, the decrease in VOC with
increasing RVD surface dopant concentrations and dopant depth
is connected to the degradation observed for τ . Furthermore, the
variance in VOC observed for all RVD groups is high compared
with the variance of VOC measured at cells from groups Ref.-S
and Ref. Due to the connection between VOC and τ , this variance
can be explained with the inhomogeneously distributed τ values
along all wafers after the RVD process (see Fig. 4). The origin of
the VOC or τ degradation is not yet fully understood. Likely, the
cleanliness and handling technique of the Si wafer material prior
to the RVD process and the cleanliness of the RTCVD 160 tool
play a major role in the degradation outcome. Nevertheless, to
better understand degradation processes during RVD emitter
diffusion, a separation between carrier recombination losses
related to the bulk or induced by the RVD emitter itself is needed.

The higher averaged VOC measured for RVD-LS compared
with the averaged VOC values of all other RVD cells can be
explained by higher shielding of minority carriers under the
contact fingers due to the selective emitter, resulting in better τ
values.

A decrease in the JSC values with increasing RVD surface
dopant concentrations and dopant depth is related to the flatten-
ing of the textured front surface during the RVD emitter diffu-
sion process, leading to a reduction in EQE (see Figs. 6 and 7).
Such flattening of pyramids in a H2-containing atmosphere can
be explained in analogy to [20]. In that study, Si surface trans-
formations were observed when exposing Si surfaces to H2
atmospheres at temperatures between 1000 and 1100 ◦C and
were explained by Si atomic surface diffusion processes [20].
Since the diffusion coefficient is higher for convex structures
than for concave structures, the edges are rounded [20].



Fig. 9. Contact resistances ρc for both reference groups and all RVD emitter
cells obtained using the TLM method.

Additional JSC losses are connected to IQE losses in the
short-wavelength range as the RVD surface dopant concentra-
tions and dopant depth increases. These losses are most prob-
ably connected to an enhancement of carrier recombination in
the emitter itself.

Another reason for η losses observed for RVD emitter cells is
related to FF losses. With increasing RVD surface dopant con-
centration and dopant depth for all RVD cells without a selective
emitter, FF values increase, while Rsh and ρc decrease (see Ta-
ble II and Figs. 3 and 9). The lowest ρc values were measured
for cells with an additional selective emitter (groups RVD-LS
and Ref.-S). Thus, the FF losses observed are connected to RS
and ρc losses, which also fit to the behavior of the pFF − FF
values [see Fig. 8(a)]. The relatively high Rsh values observed
for groups RVD-LS and RVD-L compared with those of all other
groups are related to a relatively low surface concentration of
charge carriers. Additional FF losses for these groups can be
explained by an increased recombination in the space charge
region due to the shallow lowly doped emitter. This is supported
by the increase in FF0 − pFF corresponding to an increase
in J02 .

The main intention of the present work was to obtain three
characteristic emitter profiles and their application in TOPCon
cells. For this purpose, three RVD process parameters in three
experiments (RVD-L, RVD-M, and RVD-H) were varied (see
Section II-A), which, however, implies that a well-defined cor-
relation between process parameter changes with changes in
the characteristics studied in this contribution is not possible.
Nevertheless, only the diffusion temperature is varied for all
three experiments whereat the diffusion temperature duration
and the process gas flux are hold constant for two experiments,
respectively. Thus, considering the observed changes in the
sample characteristics in dependence with each experimental
parameter (diffusion temperature, diffusion temperature dura-
tion, and process gas flux), the process parameter with the main
impact can be assumed. As discussed so far, η, VOC , JSC , τ , and
ρc are the highest for group RVD-L, lower for group RVD-M,
and lowest for group RVD-H. For the FF , the behavior is vice
versa. This “three-step behavior” correlates only with the three
different diffusion temperatures applied. These considerations

fit, e.g., to the observed temperature-induced τ degradation de-
scribed by Kühnhold-Pospischil et al. [7]. Nevertheless, to study
the influence of diffusion temperature, diffusion temperature du-
ration, and process gas fluxes on the characteristics shown in this
contribution, further studies are needed.

In conclusion, lowest VOC and JSC losses were observed for
the lowest RVD surface dopant concentration and dopant depth
applied. Nevertheless, higher FF s can be achieved with the
highest RVD dopant surface concentration and dopant depth
studied in this contribution. Interestingly, as shown by Lee and
Wu, the flattening of Si surface structures in hydrogen containing
atmospheres increases with increasing diffusion temperature,
increasing temperature treatment duration, and process pressure
[20]. In that study, it is shown that the flattening process occurs
with the fourth root of time. Thus, to reduce JSC losses for
RVD emitter cells, the diffusion temperature should be as low
and short as possible. Hence, a two-step diffusion process might
be a solution to achieve high FF and JSC values. As a first
step, a highly doped surface should be produced using high
temperatures under highly doped H2-containing atmospheres
for a short time. As a next step, a longer diffusion step under a
nitrogen atmosphere without dopants, for example, could follow
for a longer time to achieve a certain emitter profile.

IV. SUMMARY

In this paper, solar cells with an RVD boron emitter reach-
ing cell parameters as high as η = 24.0%, VOC = 697.6 mV,
JSC = 41.8 mA/cm2 , and FF = 82.1% have been presented.
Compared with BBr3 standard emitter diffusion processes, the
RVD emitter formation requires less time, and fewer chemical
posttreatments after diffusion are needed. Three different emitter
profiles have been processed, and their corresponding influence
on the solar cell characteristics has been analyzed. Solar cells
with RVD emitters studied in this publication were mainly lim-
ited by JSC and VOC losses. Both JSC and VOC values decreased
with increasing RVD surface dopant concentration and dopant
depth. JSC losses can be explained by the flattening of pyramids
during the diffusion process in a H2-containing atmosphere and
by enhanced recombination of charge carriers within the emitter.
The losses in VOC are related to τ degradation. To avoid these
JSC and VOC losses, lower diffusion temperatures and diffu-
sion times might be preferable. Nevertheless, the FF increased
with increasing surface dopant concentration and dopant depth,
which is related to lower Rsh and ρc values. Thus, to further op-
timize cell parameters with RVD emitters, a two-step diffusion
process is proposed.
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