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eral applications such as a corrosion- and 
heat-resistant coating,[4,5] photo- and 
electrocatalyst,[6,7] as well as for thermal 
management[1] and extreme UV optics 
applications.[8] More recently, BP was 
identified as a potential p-type trans-
parent conductive material (TCM).[9] This 
is a particularly interesting prospect, 
because obtaining high p-type conduc-
tivity in optically transparent materials is 
still an unsolved challenge.[10,11] Unlike 
the case of other p-type TCM candidates, 
bipolar doping has been reported in BP by 
various authors.[3,5,9,12,13] Thus, BP could 
be a unique example of a transparent 
material with both p-type and n-type 
doping capability.

BP crystallizes in the diamond-derived zincblende structure 
with tetrahedral coordination. Because the electronegativity dif-
ference between B and P is small, BP is a covalent solid and its 
band structure is closely related to that of Si and C in the dia-
mond structure. The main difference is an intermediate size of 
the fundamental indirect band gap for BP (≈2.0 eV)[14–16] mainly 
due to an intermediate bond length. Although this band gap 
corresponds to visible light, the direct band gap of BP is much 
wider and falls in the UV region (≈4.3 eV).[15–17] The weakness of 
indirect transitions predicted for BP at room temperature[15] is 
the key factor that could make BP thin films sufficiently trans-
parent for many TCM applications. For example, a 100 nm-thick 
BP film is expected to absorb negligible amounts of red-yellow 
light and less than 10% of violet light according to first-princi-
ples calculations including electron-phonon coupling.[15] With 
respect to electrical properties, BP has a highly disperse valence 
band produced by p orbitals, ensuring low hole effective masses 
(0.35 me).[9] Unlike the case of diamond, the valence band max-
imum of BP lies at a relatively shallow energy with respect to 
the vacuum level. Shallow, disperse valence bands are usually 
correlated with high p-type dopability, due to easier formation of 
uncompensated shallow acceptor defects.[18,19]

2. Open Questions in BP Research

2.1. Conductivity and Transparency

The highest conductivity reported for p-type BP is 3600 S cm−1 
for a nominally undoped single-crystalline film deposited by 
chemical vapor deposition (CVD) at 1050 °C using B2H6 and 
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1. Introduction

Numerous III-V semiconductors such as GaAs, InP, GaN, 
and related alloys are technologically mature materials. They 
are key components of optoelectronic devices such as light- 
emitting diodes, photodetectors, lasers, and high-efficiency solar 
cells. Boron phosphide (BP) is a relatively under-investigated 
member of this family in spite of its ultra-high thermal conduc-
tivity,[1] chemical inertness and hardness,[2] and prospects for  
bipolar doping.[3] Accordingly, BP has been proposed for sev-
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PH3 gas precursors in hydrogen, as reported by Shohno et al.[3] 
Remarkably, this value is on par with the conductivities of the 
best n-type TCMs.[20] The hole concentration and mobility 
were 8 × 1019 cm−3 and 285 cm2 V−1 s−1, respectively. However, 
intrinsic defects in BP are not expected to be effective dopants[9] 
so the origin of the high carrier concentration is unclear and 
requires further investigation. In addition, such a high conduc-
tivity has not been reproduced by others, with more commonly 
reported values being in the 0.1–50 S cm−1 range for both n-type 
and p-type BP.[2,5,13,21–23]

A common figure  of merit (FOM) for TCMs is the ratio 
between electrical conductivity and average absorption coeffi-
cient in the visible.[20,24] However, the absorption coefficient of 
BP has rarely been measured. Absorption coefficients of single 
crystals and single-crystalline films[13,14,21] are generally below 
1 × 103 cm−1 at 2.5 eV, in line with computational predictions. 
Yet, a more recent measurement on a BP thin film[25] shows a 
substantially higher absorption coefficient, above 1 × 104 cm−1 
in most of the visible region. Furthermore, BP films on trans-
parent substrates are usually described as orange,[22] red,[12] 
brown,[13] or black,[26] indicating that their optical transmission 
may not be sufficiently high.

The only case where electrical conductivity and absorp-
tion coefficient were measured on the same BP sample is the 
CVD-grown n-type single-crystalline BP film reported by Iwami 
et al.[13] with a FOM of ≈0.02 Ω−1. If we use the absorption coef-
ficient from this study to estimate the FOM of the most con-
ductive p-type BP films reported by Shohno et al.,[3] we get an 
FOM of 1.8 Ω−1. To contextualize these values, the highest FOM 
we are aware of for a p-type TCM of any kind is 1.3 Ω−1 for reac-
tively sputtered CuI.[27] Thus, BP deserves experimental scru-
tiny with focus on its applicability as a p-type TCM.

2.2. Film Growth

BP is notoriously difficult to synthesize due to the simulta-
neous presence of a highly inert (B) and a volatile species (P).[28] 
High growth temperatures (typically above 900 °C) are neces-
sary to activate boron diffusion and obtain crystalline BP, but 
at these temperatures BP tends to decompose into boron-rich 
phosphides (such as B6P) and gaseous phosphorus.[3,29] For this 
reason, previous thin-film work on BP has given strong prefer-
ence to CVD processes near atmospheric pressure where it is 
easier to prevent P losses by keeping a high P partial pressure 
during deposition. With CVD-based processes, it has been pos-
sible to grow BP up to 1100–1200 °C depending on the precur-
sors.[3,30] Attempts to grow BP in high vacuum by solid-source 
evaporation[31] and gas-phase molecular beam epitaxy[29] resulted 
in amorphous films and insufficient P incorporation at elevated 
temperatures. Sputter deposition could be a viable alternative 
because it operates under intermediate pressure conditions. As 
a non-equilibrium plasma-assisted process, sputter deposition 
may enable lower temperature growth[32] and higher dopant sol-
ubility in the host material[33] compared to thermal processes. 
Besides, epitaxial single-crystalline CVD films grown above 
1000 °C are of limited applicability in the TCM industry, where 
cost-effective large-area coating of glass substrates or multilayer 
stacks are necessary. Magnetron sputtering, on the other hand, 

is the deposition method of choice for many n-type TCMs in 
the industry.[34–36] We are only aware of one previous attempt of 
sputter deposition of BP.[37] Optoelectronic characterization was 
not conducted and it is also unclear if the deposited films actu-
ally consisted of BP.

The goal of this work is to answer some of the important 
open questions elaborated in this section. First, we establish 
that amorphous BP films can be deposited by reactive sput-
tering and can be crystallized in a post-annealing step. Second, 
we find higher absorption coefficients than expected, possibly 
due to enhanced indirect transitions associated with imper-
fect crystallinity. Finally, we apply C doping to achieve bipolar 
conductivity and the highest hole concentration achieved so 
far in p-type BP. Thus, we confirm that BP can be doped both 
n-type and p-type, and we propose that BP may reach a high 
TCM FOM by a combination of high crystalline quality and 
extrinsic doping.

3. Results

3.1. One-Step Growth by Reactive Sputtering

Smooth amorphous BP films can be grown by reactive sput-
tering of B targets in a PH3/Ar atmosphere. The B/P ratio in 
the films, as measured by Auger electron spectroscopy (AES), 
can be continuously adjusted over a wide range at room tem-
perature (Figure  1a). The main factor determining the B/P 
ratio at fixed temperature is the PH3 partial pressure, with no 
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Figure 1.  Composition of B-P films. a) Atomic B/P ratio of B-P films sput-
tered at room temperature versus PH3 partial pressure. Datasets for two 
different target–substrate distances dts are shown. Different symbols refer 
to different total pressures and numbers of co-sputtering B targets (“2x 
B” meaning two targets). Assuming that the PH3 concentration cannot 
exceed 5% of the Ar background, each PH3 partial pressure has a corre-
sponding minimum total pressure at which the B/P region below the data 
points is not experimentally accessible. b) Phosphorus loss in B-P films 
as a function of temperature. Circles refer to the decrease in P content 
as a function of sputter deposition temperature with respect to room 
temperature deposition under otherwise identical conditions. Diamonds 
refer to the P loss of B-P films annealed at 1 bar for 2 min under a con-
tinuous Ar flow. Lines are guides to the eye.
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significant role played by the total sputter pressure and the 
number of simultaneously sputtering B targets (one or two). A 
typical oxygen content in the bulk is 2 at.% according to AES.

We infer from these observations that P incorporation in reac-
tively sputtered BP neither occurs as a reaction at the target, nor 
as a direct reaction of PH3 with elemental B at the substrate (see 
Supporting Information). The most likely explanation is that 
PH3 cracks into more reactive species in the plasma region in 
front of each target, with subsequent condensation of P at the 
substrate. The wide continuous range of B/P ratios that can be 
achieved in the films indicates that P condensation at the sub-
strate results in the formation of BP bonds as well as PP 
bonds. Due to the volatility of P at high temperatures (Figure 1b), 
a PH3 partial pressure of 0.4 mTorr is necessary to obtain B/P = 1  
at a substrate temperature of 800 °C. Therefore, sputtering BP 
at very high temperatures requires either a high PH3 concentra-
tion in the sputter gas (beyond the 5% limit dictated by our pre-
diluted PH3 bottle) or a high total sputter pressure.

Regardless of substrate temperature (25 to 800 °C) and stoi-
chiometry (0.5 < B/P < 1.5), the conductivity of all as-deposited 
BP films is too low to be measured on the plane of the substrate 
with a conventional four-point probe. An upper limit for their 
conductivity is about 10−3 S cm−1, indicating that native defects 
(such as B and P antisites) are ineffective dopants in this tem-
perature range. To check if these amorphous films could be 
crystallized, we conducted rapid thermal annealing (RTA) at 
atmospheric pressure under a continuous Ar flow. Despite the 
higher total pressure, the lack of a P partial pressure in the 
system led to rapid P losses. After 2 min at 1000 °C, the films 
have already lost 65% of their original P content (Figure  1b). 
Very short anneals at 1100 °C result in broad X-ray diffraction 
(XRD) peaks attributable to BP. However, the conductivity of 
all films after RTA is still below 10−3 S cm−1. From these ini-
tial experiments, we conclude that annealing in a P-containing 
atmosphere is necessary to prevent P losses and explore a wider 
process window. It also seems unlikely that intrinsic doping 
can lead to significant carrier concentrations in BP, so options 
for extrinsic dopants should be explored.

3.2. Two-Step Growth by Reactive Sputtering and Annealing 
with Extrinsic Doping

To address the issues described above, we post-annealed BP 
films in sealed quartz ampoules in the presence of sacrificial 
red phosphorus powder. According to defect calculations, C 
and Si are the most attractive candidates for p-type doping of 
BP under B-rich conditions.[9] We found that C could be easily 
incorporated into BP by cleaning the ampoules with isopropyl 
alcohol before annealing (see Experimental Section). The C 
content of BP films annealed for 30 min is consistently in the 
2.5–2.7 at.% range, roughly independent of annealing tempera-
ture. This extrinsic dopant concentration is similar to the case 
of n-type TCMs such as ZnO:Al and In2O3:Sn.[38,39] AES depth 
profiles indicate that the C impurities are homogeneously dis-
tributed throughout the depth of the films.

Raman spectra are very sensitive to C impurities in excess 
of their solubility in the BP matrix, due to the high scattering 
cross section  of the D and G Raman bands in disordered 

carbon.[43] Although these Raman bands are already detected at 
2.5 at.% C in our samples (Figure S1, Supporting Information), 
this C impurity concentration is still sufficiently low not to have 
a significant effect on the optical properties of BP (Figure S2, 
Supporting Information). Based on an empirical relationship 
between the width of the D band and the C crystallite size,[43] 
we estimate that non-substitutional C segregates in very small 
clusters around 1 nm in size. Unless otherwise specified, the 
post-annealed BP films presented in the rest of the paper are 
C-doped. The annealing process also results in an increase of 
the O content in the bulk, from about 2% to about 6%. Two 
likely reasons are the incomplete removal of air when sealing 
the ampoules and the traces of isopropyl alcohol responsible for 
C doping. O impurities are unlikely to act as dopants in BP due 
to a large size mismatch with P.

With an annealing time of 30  min, a temperature of 
900 °C is still not sufficient to detect any crystalline BP by XRD 
(Figure 2a). The corresponding Raman spectrum (Figure 2(b)) 
exhibits two broad bands centered at ≈450 cm−1 and ≈700 cm−1. 
These could be attributed to the acoustic and optical phonon 
bands of zincblende BP with significant broadening.[15] How-
ever, the Raman features of amorphous red phosphorus[44] and 
amorphous B[45] are also located in these two spectral regions, 
so we cannot exclude the presence of the elemental forms of P 
and B. This film mainly consists of small (≈20 nm) particles, 
with some larger particles that appear brighter in the scanning 
electron microscope (SEM) and might therefore consist of ele-
mental P (Figure 2c).

When the annealing temperature is increased to 1000 °C, 
a broad XRD peak with full width at half maximum (FWHM) 
of 3.2° 2θ appears (Figure 2a). It can be attributed to the (111) 
reflection in zincblende BP. A similar peak FWHM is obtained 
after annealing at 1050 °C. Since these widths are much larger 
than instrumental broadening, and assuming that only size 
effects are responsible for broadening, we estimate a coherence 
volume of 3 nm using the Scherrer equation. This crystallite 
size is much smaller than the average particle size (≈30 nm) 
determined by SEM (Figure  2c) implying that each particle is 
poorly crystallized, although some medium-range order exists 
in some regions. In agreement with these observations, the 
Raman spectra of the films annealed at 1000 and 1050 °C for 
30 min resemble the phonon density of states (DOS) calculated 
for BP.[15] The peaks at 804 and 716 cm−1 correspond to the two 
peaks in the optical phonon DOS. The peak at 460 cm−1 has a 
corresponding peak in the acoustic phonon DOS. We will refer 
to these films as nanocrystalline BP in the rest of the article.

To obtain higher crystalline quality, it is necessary to increase 
the annealing time. After a 24  h annealing at 1000 °C, all the 
main XRD peaks of zincblende BP can be detected with a 
FWHM of 0.41° 2θ for the (111) reflection. Considering the Lor-
entzian broadening component of this peak and deconvolving 
instrumental broadening,[38,46] we estimate a crystallite size of 
34 nm using the Scherrer equation. SEM images of this film 
(Figure 2c) show that the particle size is still in the 30 nm diam-
eter range as for the films annealed for a shorter time, but the 
particle boundaries are much sharper. We conclude that long 
annealing times enable full crystallization of the (originally 
amorphous) BP particles, although the particles still do not  
coalesce into larger grains. The Raman spectrum of this sample 
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(Figure  2b) is similar to spectra reported for high-quality BP 
crystals and single-crystalline films.[28,42,47] The main peak at 
827 cm−1 and the secondary peak at 797 cm−1 can be attributed 
to the Raman-active longitudinal (LO) and transverse (TO) 
optical phonon modes at the Γ point, respectively.[15] Our 24 h 
long anneals result in phase segregation on the film surface, 
clearly visible in Figure 3b, and in a new XRD peak at 31.0° 2θ 
(Figure 2a). According to AES imaging (Figure S3, Supporting 
Information), these surface secondary phases mainly consist 
of elemental P. The new XRD peak is compatible with both 
fibrous red phosphorus[48] and Hittorf’s (violet) phosphorus.[49]

If red phosphorus powder is not present during annealing, 
part of BP decomposes into B6P and gaseous P until the P 
partial pressure in the ampoule is sufficiently high to pre-
vent further P evaporation. The occurrence of this reaction is 
confirmed by the XRD peak at 35.5° 2θ, compatible with the 

highest-intensity reflection of B6P. A peculiar “whisker” mor-
phology develops for some of the remaining BP in these films, 
with typical whisker diameters of roughly 500 nm and lengths 
of a few μm (Figure  3c). BP whisker growth has sometimes 
been observed in CVD BP films.[22,50,51] Finally, we note that 
all the post-annealed BP films presented here exhibit cracks 
(Figure  3), probably due to the thermal expansion coefficient 
mismatch between BP and the fused silica substrate.[52]

3.3. Optical Properties

The absorption coefficient α of the as-deposited films depends 
on their stoichiometry, with B-rich films having lower band 
gaps than B-poor films (Figure 4a). In these amorphous films, 
(αhν)n versus hν plots are roughly linear for 1/3 < n  < 1/2  
(Figure  S4, Supporting Information), as usually found in 
amorphous semiconductors.[53] A similar spectral behavior and 
a decreasing band gap for increasing B content were found for 
amorphous BxP films by CVD with x  > 3.[30] The band gaps 
of the B-rich and the B-poor films are estimated as 1.3 and  
2.0 eV, respectively (Figure  S4, Supporting Information). Note 
that the calculated indirect band gap of crystalline BP is 1.98 eV 
using a hybrid exchange-correlation functional.[15]

The absorption coefficient of the amorphous as-deposited 
films is much larger than the computational prediction for 
perfectly crystalline BP below the direct band gap at 4 eV. This 
is expected because materials without long-range order do not 
require phonon participation in optical transitions. To achieve 
transparent conductivity in amorphous BP, a shift of the funda-
mental gap to higher photon energies with respect to the crys-
talline state would be advantageous to widen the transparency 
window. While this effect is very well known in amorphous 
Si,[54] we do not observe it in amorphous BP. In fact, a very 
recent molecular dynamics study predicts that amorphous BP 
should have an even lower band gap than crystalline BP.[55] 
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Figure 3.  Low-magnification SEM images of the BP films shown in 
Figure  2a. a) Short anneals; b,c) Long anneals. All films except for (c) 
were annealed with sacrificial P powder. The secondary phases present in 
the film annealed for 24 h (b) are mainly elemental P. When no sacrificial 
P powder is present (c) a whisker morphology develops.

Figure 2.  Structure and morphology of BP films. a) XRD patterns of var-
ious C-doped BP films annealed in sealed ampoules. Process conditions 
are indicated. The reference patterns for zincblende BP and rhombohe-
dral B6P are taken from the Inorganic Crystal Structure Database.[40,41] b) 
Raman spectra of four of the BP films shown in (a). The reference Raman 
spectrum of zincblende BP is shown.[42] c) SEM images of three of the 
BP films shown in (a).
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The reason is that even short-range order is often broken in 
amorphous BP, with abundant homoelement bonds (BB and 
PP) occurring in B-rich and B-poor clusters. As the band gap 
of amorphous boron is 1.0  eV,[56] the B-rich clusters are likely 
responsible for band gap narrowing in amorphous BP, as well 
as its further narrowing under B excess.[30] Since this effect is 
unique to compound semiconductors, it may explain the dis-
crepancy between the optical properties of amorphous BP and 
amorphous Si, in spite of their similar bonding and electronic 
structure in the crystalline state.

As shown in the next section  and as observed by other 
workers,[3,5,9] B-rich conditions are necessary to achieve appre-
ciable p-type conductivity in BP. Therefore, the remaining 
optical characterization shown in Figure  4 focuses on B-rich 
films with B/P = 1.3. We limit our study to the nanocrystalline 
films annealed for 30  min, because longer anneals generate 
very rough films with secondary phases (Figure  3b), so their 
optical characterization is not reliable. The absorption coeffi-
cient of the post-annealed films is overall slightly larger than 
in the as-deposited film (Figure  4a). The post-annealed films 
also have a secondary absorption onset in the 4.0–4.5 eV range 
(Figure S4, Supporting Information) which is absent from the 

as-deposited films. This secondary onset is likely associated 
with the direct band gap of BP, predicted to lie at 4.34 eV from 
computation[15] and measured at 4.25 eV on crystalline BP.[17] 
The primary absorption onset appears to shift to lower photon 
energies with increasing annealing temperature, although 
this effect might be an artifact often seen in rough films due 
to scattering and/or depolarization effects.[58–60] In any case, 
the visible absorption coefficient of our post-annealed films is 
over one order of magnitude larger than the absorption coef-
ficient computed for pristine BP[15] and is also significantly 
larger than the experimental absorption coefficient determined 
for an epitaxial CVD film by ellipsometry (Figure  4a).[25] As a 
consequence, the optical transmission of our ≈130-nm-thick 
films drops to very low values in the blue region of the visible 
(Figure 4b).

The refractive indices of our films match previous measure-
ments on crystalline BP films[25,57] in the spectral region below 
the direct gap (Figure 4c). First-principles calculations using the 
Bethe–Salpeter equation on G0W0 band structures also yield a 
similar refractive index in the visible part of the spectrum.[16] 
At higher photon energies, the refractive indices of our films 
decrease due to the inflection point in the extinction coef-
ficient (Figure  4d). The slight increase in the refractive index 
and extinction coefficient with increasing annealing tempera-
ture is probably due to film densification upon annealing (see 
Supporting Information). By extrapolating the real part of the 
complex dielectric function to zero photon energy, we can esti-
mate the high-frequency permittivity ε∞ of BP, which is in the 
7 < ε∞ < 8 range for all films (Figure S5, Supporting Informa-
tion). These values are consistent with the empirical band gap–
permittivity relationship in III-V semiconductors.[61] Since BP 
is strongly covalent, we expect the static permittivity εs to be 
nearly equal to ε∞.

3.4. Electrical Properties

3.4.1. Intrinsic and Extrinsic Dopants in BP

The origin of the high carrier concentration reported for many 
BP crystals and films, either p-type[2,3,5,21,22] or n-type[3,5,13,23] is 
unclear. First-principles calculations indicate that the lowest-
energy acceptor level in BP is the BP antisite.[9] However, this 
defect has a deep charge transition level (more than 0.5 eV 
above the valence band maximum), a high formation energy 
(≈3.3 eV in the p-type regime, even under favorable B-rich con-
ditions), and is highly compensated by the PB donor. A similar 
situation exists for the dominant PB donor under B-rich condi-
tions. It is therefore unlikely that these native defects can be 
responsible for the carrier concentrations between 1018 and 
1021 cm−3 observed in most studies of crystalline BP.

Extrinsic defect calculations[9] indicate that Si, C, and Be 
should be more effective substitutional dopants compared to 
intrinsic defects in BP. All these impurities can dope BP either 
n-type or p-type depending on whether substitution occurs on 
the B site (n-type) or on the P site (p-type). Just like the intrinsic 
defects, B-poor conditions favor n-type conductivity and 
B-rich conditions favor p-type conductivity.[9] Takigawa et  al.[12] 
and Kumashiro[5] had already hypothesized an “autodoping” 
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Figure 4.  Optical properties of as-deposited BP (black lines) and post-
annealed BP (colored solid lines, 30 min annealing). a) Absorption coef-
ficient of B-rich films (B/P = 1.3, solid lines) and a B-poor as-deposited 
film (B/P = 0.6, dotted line). Post-annealed films were all obtained from 
the B-rich film. They reach a nearly stoichiometric composition after 
annealing. The computed absorption coefficient using a hybrid exchange 
correlation functional and electron-phonon coupling is shown.[15] Two 
previously measured absorption coefficients for BP films[13,25] are also 
shown. b) Optical transmission of two BP films annealed at different tem-
peratures. c,d) Refractive index and extinction coefficient. The displayed 
films are the same as in (a). An additional experimental reference for the 
refractive index[57] is included.
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mechanism in BP due to diffusion of Si from the substrate into 
BP. Substantial Si impurity levels (1020 cm−3 at 1050 °C growth 
temperature) were detected in BP by secondary mass ion spec-
troscopy (SIMS).[5] The Si content generally increased with 
increasing growth temperature and was correlated with the car-
rier concentration in BP.[5] In general, the highest carrier con-
centrations reported in previous studies (above 1019cm−3) have 
been achieved in the cases where BP was deposited on a Si-con-
taining substrate and at high temperatures.[3,13,22] As another 
potential source of contamination, we note that the highest 
purity of elemental boron sources available from commercial 
suppliers is often only 99.9%. Two different suppliers provided 
us with boron targets of this overall purity—one with 300 ppm 
Si, the other with 10 ppm Si. The former target can potentially 
lead to carrier concentrations up to 1.3 × 1019 cm−3 just due to 
its Si impurities.

The effect of possible C impurities on the electrical proper-
ties of BP has not been discussed in the experimental literature, 
although C from organic substances and cleaning agents can 
easily contaminate growth setups. C impurities in solid mate-
rial sources (including our B sputter targets) are often not docu-
mented due to the very low C sensitivity factor of inductively 
coupled plasma mass spectrometry (ICP-MS), which is typi-
cally used for impurity analysis.[62] However, C is known to be a 
common impurity in elemental boron.[63,64]

3.4.2. C-Doped BP with Short Post-Annealing

The electrical conductivity of BP films annealed for 30  min 
with 2.5–2.7 at.% C dopant content is shown in Figure 5a as a 
function of annealing temperature and initial B/P stoichiom-
etry. n-type conductivity is only observed for B-poor films at 
high annealing temperatures, otherwise the films are p-type. 
The p-type conductivity increases for increasing B/P ratio, as 
expected from theory,[9] and also with increasing annealing 
temperature (Figure 5a). The maximum p-type conductivity of 
2.1 S cm−1 is achieved for an annealing temperature of 1050 °C 
and B/P = 1.3. This conductivity value is in the typically reported 
range for BP single crystals and crystalline films.[2,5,13,21–23]

We obtained reliable Hall measurements only on three films 
annealed at 1050 °C (Figure  5b) using a Hall setup designed 
for low-mobility samples. These measurements already reveal 
important differences between our nanocrystalline, C-doped 
films and previously reported crystalline films. The hole concen-
tration in our B-rich films is well above 1020 cm−3, significantly 
higher than in any previous report. As expected, the hole con-
centration drops by several orders of magnitude when moving 
from B-rich composition to the nominal B/P = 1 stoichiometry 
(Figure 5b). The hole mobility is 0.27 cm2 V−1 s−1 near the stoi-
chiometric B/P ratio and it drops by one order of magnitude 
when moving towards B-rich stoichiometries. An alternative 
non-contact technique (THz spectroscopy) indicates that the 
sum of electron and hole mobilities in the nearly stoichiometric 
BP film is about 0.4 cm2 V−1 s−1 (Figure S6, Supporting Infor-
mation). Due to the very small crystallite size in these films  
(≈3 nm), we expect THz spectroscopy to be sensitive to the 
same scattering mechanisms as Hall effect measurements, 
hence the consistency between the two results. These mobility 

values are compatible with the only measurement on non-epi-
taxial, polycrystalline BP that we are aware of (0.13 cm2 V−1 s−1).[26]  
Hole mobilities above 100 cm2 V−1 s−1 have, however, been 
demonstrated by several authors on single-crystalline BP.[3,21] 
The low mobility of our stoichiometric film is likely due to the 
low crystalline quality obtained with short annealing times. The 
additional decrease in mobility for B-rich stoichiometries may 
be due to additional ionized impurity scattering from the CP 
acceptors and/or to the increased concentration of other crystal-
lographic defects caused by higher nonstoichiometry.

3.4.3. C-Doped BP with Long Post-Annealing

The conductivities of films annealed for 24 h with sacrificial P 
powder and ≈2.5% C doping are in the 10−3–10−2 S cm−1 range 
regardless of initial stoichiometry. Their conductivity might 
be underestimated due to a high density of cracks (Figure 3b). 
Nevertheless, Seebeck coefficients in these films are generally 
much higher in magnitude than the Seebeck coefficients of 
the films annealed for a shorter time (Figure  6a). Due to the 
inverse relationship between Seebeck coefficient and carrier 
concentration, it is then likely that the films annealed for 24 h 
have much lower carrier concentrations. Another important dif-
ference is that films annealed for 24  h have negative Seebeck 
coefficients, indicating n-type conductivity, unlike the majority 
of the films annealed for 30 min (Figure 5a). In the following 
paragraphs we present a hypothesis that could account for the 
observed differences.

We find that the depth-averaged composition of a BP film 
after a 30  min anneal at 950 °C changes from B/P = 1.20 to 
B/P = 0.99. Thus, post-annealing in a P-containing atmosphere 
tends to compensate the original nonstoichiometry and pro-
duces nearly stoichiometric BP (B/P = 1). This compensation 
process is apparently already completed after 30 min. Yet, the 
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Figure 5.  Electrical properties of BP. a) Conductivity of C-doped BP films 
as a function of annealing temperature and initial stoichiometry, with a 
constant annealing time of 30  min. Only the film with the lowest B/P 
ratio and annealed at the highest temperature is n-type. The other films 
are p-type according to Seebeck coefficient measurements. The data 
points are listed in Table S1, Supporting Information. b) Hole mobility 
and concentration for three films annealed at 1050 °C as a function of 
initial composition. No reliable Hall effect measurements were possible 
for the other films. The shaded regions are guides to the eye.
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measured electrical properties still strongly depend on the B/P 
ratio of the original as-deposited films (Figure  5). Hence, the 
high hole concentrations achieved by annealing B-rich BP for 
a short time can be considered a non-equilibrium property. In 
the initial stages of the annealing process, both C and P diffuse 
into B-rich amorphous BP precursors. Under B-rich conditions, 
formation of CP acceptor defects is favorable, causing p-type 
conductivity. For extended annealing times, B-rich conditions 
no longer exist so the thermodynamically stable concentration 
of CP acceptors is much lower than the non-equilibrium CP con-
centration achieved in the initial annealing stages. Thus, a sig-
nificant decrease in the CP concentration is expected, but this 
decrease might take a long time to realize because i) existing 
BC bonds have to be broken, and ii) BP becomes more and 
more crystalline with time, with a corresponding increase of 
kinetic barriers. As mentioned above, the final defect concen-
trations achieved after 24 h under our experimental conditions 
lead to weak n-type conductivity. The likely reason is that BP 
slowly becomes slightly P-rich in a P-containing atmosphere. 
This is compatible with the observation of elemental P sec-
ondary phases after long annealing times (Figure 3b).

3.4.4. Work Function

According to Kelvin probe measurements, the work func-
tion of our BP films only spans a limited range (4.75–5.05 eV, 
Figure 6b), despite the fact that some films annealed for 30 min 
are degenerately p-type doped and the films annealed for 24 h 
are n-type. The ionization potential and electron affinity of CVD 
BP were previously determined as 6.05 and 4.05 eV, respec-
tively, by electrochemical Mott–Schottky measurements.[65] 
Thus, the surface Fermi level of our BP films is pinned around 
midgap despite their differences in doping type and concentra-
tion. Surface Fermi level pinning is a well-known phenomenon 
in air-exposed III-V semiconductor surfaces. The Fermi level of 
n-type and p-type GaAs exposed to oxygen is also pinned within 
a 0.3 eV range around midgap.[66] By analogy, we assume that a 

high density of surface states due to native oxide formation is 
responsible for the pinning effect in BP.

3.4.5. C versus Si Doping in Sputtered BP

To draw a preliminary comparison between C and Si as poten-
tial dopants in BP, we deposited a BP:Si film by reactive cosput-
tering of a B and a Si target. This film has B/P = 1.11 and a Si 
content of approximately 2  at.%. Different pieces of this film 
were annealed for 30 min and co-doped with ≈2.5 at.% C. We 
refer to these films as BP:Si,C. P-type conductivity is observed in 
all the BP:Si,C films after post-annealing. At 1050 °C annealing 
temperature, the conductivity of BP:Si,C is about the same 
as the conductivity of a BP:C film with B/P = 1.20 and much 
higher than the conductivity of a BP:C film with B/P = 1.02 
(Figure 7a). The conductivity of all the films (BP:C and BP:Si,C) 
annealed for 30 min generally has an exponential dependence 
on annealing temperature (Figure  7a). In Figure  7b, we plot 
the ratio σ1050/σ900 between the conductivity obtained after 
annealing at 1050 °C and after annealing at 900 °C, as a func-
tion of the B/P ratio. This quantity is a measure of the conduc-
tivity increase with increasing annealing temperature. For BP:C 
films, σ1050/σ900 increases with increasing B/P ratio (Figure 7b). 
For the BP:Si,C series, σ1050/σ900 is much higher than expected 
for a BP:C film of the same B/P ratio (Figure 7b).

A possible interpretation of the generally increasing conduc-
tivity with annealing temperature is dopant activation, that is, 
the thermally activated incorporation of CP and SiP acceptors in 
the BP lattice. The observation that the Si-codoped films are the 
least conductive at low annealing temperature could be ration-
alized by assuming that SiP defects form more easily than CP 
defects, (hence, they are more abundant at lower temperatures) 
but that they are less easily ionized by electrons in the valence 
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Figure 6.  a) Seebeck coefficient and b) work function of C-doped BP films 
with different doping types. Films annealed for 24 h generally have weak 
n-type doping (large negative Seebeck coefficients). Films annealed for 
30 min generally have higher p-type doping (small positive Seebeck coef-
ficients). Despite type inversion, the surface Fermi level (work function) 
is pinned within a narrow region close to midgap.

Figure 7.  Trends in the electrical properties of BP. a) Conductivity of 
BP:Si,C films as a function of annealing temperature. The conductivity of 
two BP:C films is shown for comparison (same data as in Figure 5a). In 
all film series, the conductivity has an approximately exponential depend-
ence on annealing temperature. b) Ratio between the conductivity at the 
highest annealing temperature (σ1050) and at the lowest annealing tem-
perature (σ900). All data points used to plot these figures  are listed in 
Table S1, Supporting Information.
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band. With this hypothesis, SiP defects would yield a lower con-
centration of free holes at room temperature compared to an 
equivalent concentration of CP defects. In fact, this is exactly 
what was found by first-principles defect calculations.[9] The 
CP acceptor has a higher formation enthalpy than SiP at fixed 
chemical potential (3.0 vs 1.7 eV). However, CP has a much shal-
lower level than SiP (0.03 vs 0.12 eV above the valence band 
maximum).

4. Discussion

It is relatively straightforward to deposit smooth, amorphous 
BP in a wide range of compositions by reactive sputtering. 
Nevertheless, this processing route has some disadvantages 
with respect to CVD. First, B is a very hard element with a 
much lower sputter yield than the soft metals used in n-type 
TCMs (e.g., Zn, In, Sn). Since high sputter powers are not 
viable due to the low thermal conductivity of B, low deposi-
tion rates in reactive sputtering of B seem unavoidable. A BP 
compound target is also expected to have a low sputter yield 
and is not typically offered by commercial suppliers. Neverthe-
less, it may allow for higher powers due the high thermal con-
ductivity of BP.[1] A potential advantage of reactively sputtered 
BP is that the as-deposited amorphous films have a relatively 
low surface roughness of around 2 nm RMS for 100–200-nm-
thick films (Table  S2, Supporting Information). BP has been 
proposed as a material for extreme UV optics but the large 
roughness of CVD films was found to be a limiting factor.[8] 
Thus, reactive sputtering may be a more promising route for 
this particular application.

Nanocrystalline BP films with small (≈3 nm) crystallite size 
are not sufficiently transparent for TCM applications due to 
strong absorption above their nominally indirect band gap. 
High crystalline quality is thus an important requirement for 
BP and for other candidate TCMs with indirect gaps in the 
visible. This requirement is much less stringent in direct-gap 
n-type oxide TCMs, which often have very small grain sizes.[34,38] 
Unfortunately, reactively sputtered BP films on fused silica are 
still amorphous even at a substrate temperature of 800 °C. The 
crystallinity of BP films can be improved by post-annealing in 
a P-containing atmosphere but the crystallite size seems to be 
limited by the particle size of the as-deposited films, without 
significant coalescence between these particles. The limiting 
crystallite size obtained by long anneals at high temperatures is 
in the 30–40 nm range. This crystallite size might be sufficient 
to prevent strong indirect absorption, but we could not draw 
any conclusion in this regard because our crystalline films have 
spurious phases at the surface (Figure  3b). Significant light 
scattering from these phases, as well as their unknown optical 
properties, makes it difficult to determine the intrinsic absorp-
tion coefficient of the underlying BP film.

With short annealing times, very high hole concentrations 
can be achieved in nanocrystalline BP under B-rich conditions 
using extrinsic dopants. Higher hole concentrations are real-
ized with C dopants than with Si dopants, probably because CP 
is significantly shallower than SiP. Since the conductivity of BP 
films without extrinsic doping was below 10−3 S cm−1 under all 
the conditions investigated in this study, we believe that some 

of the previously reported high carrier concentrations in BP 
may be due to Si and/or C incorporation from the substrate or 
other sources.

Long annealing times have the advantage of better BP crys-
talline quality and the potential for higher optical transmission. 
However, we encountered three issues. First, a higher density 
of cracks (Figure  3b). Second, formation of secondary phases 
which we identified as elemental phosphorus (Figure S3, Sup-
porting Information). Third, the tendency of B-rich films to 
reach their stoichiometric B/P ratio by incorporating P from 
the evaporated P powder (Section  3.4.3). This tendency limits 
the achievable hole concentration, because acceptor defects 
have higher formation energies under stoichiometric condi-
tions. The issue with cracks might be addressed by a different 
substrate with a higher thermal expansion coefficient. The two 
other issues could be addressed by optimizing the amount of 
sacrificial P powder and employing a thermal gradient to avoid 
condensation of excess P on the BP films. An annealing system 
with a continuous PH3 flow might be a more practical solution 
to control P incorporation in the film.

5. Conclusion and Outlook

Amorphous BP films can be deposited by reactive sputtering 
in a wide range of compositions. However, they require a 
post-annealing step at 1000 °C or above in a P-containing atmos-
phere for crystallization and dopant activation. Our study points 
to C as a more effective p-type dopant than either Si or native 
defects in BP. Incorporation of 2.5% C in BP led to the highest 
hole concentration reported to date for p-type BP (5 × 1020 cm−3). 
While an initial B-rich composition generally favors p-type con-
ductivity, it was also possible to obtain n-type conductivity in 
B-poor films. Thus, we confirm that BP is amenable to bipolar 
doping, a rare feature in wide band gap materials. The proper-
ties of BP films appear to be stable under ambient conditions.

The hole mobilities and optical transmission of our films 
were too low for TCM applications. The most likely cause is 
the relatively poor crystalline quality of BP films annealed for a 
relatively short time. In general, incomplete crystallization will 
penalize any candidate transparent conductor with an indirect 
gap in the visible. The reason is that participation of phonons 
in indirect transitions is not required in the absence of long-
range order, so the absorption coefficient will increase with 
respect to the case of a perfect crystal. It may be possible to 
improve the optoelectronic properties through longer anneals 
with optimized process parameters. Nevertheless, single-step, 
high-temperature deposition processes at higher P partial pres-
sures are more likely to achieve higher crystalline quality and 
seem to be a more practical solution in general. Based on previ-
ously reported mobilities and absorption coefficient in crystal-
line BP, as well as the high hole concentrations demonstrated 
in this study, we argue that BP:C has the potential to achieve 
high TCM figures  of merit and certainly deserves further  
investigation. Depositing C-doped BP by CVD using, for 
example, a CH4 doping source, might be a promising strategy. 
In particular, it will be important to clarify if nonepitaxial, 
polycrystalline BP can achieve similar hole mobilities and 
optical transparency as single-crystalline films.

Adv. Mater. Interfaces 2022, 2200031
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High process temperatures seem unavoidable for obtaining 
high crystalline quality and dopant incorporation in BP, so it is 
likely that BP TCMs can only find applications as the first layer 
in a device stack. Still, a TCM on a transparent substrate is the 
initial layer in many important optoelectronic devices, such as 
CdTe and perovskite solar cells,[67,68] so device applications are 
in principle possible. Since post-annealed BP films on fused 
silica substrates are prone to cracking, alternative refractory 
and transparent substrates with a higher thermal expansion 
coefficient might be necessary. BP is itself a refractory material, 
and this property could be particularly useful as a transparent 
contact in thin-film optoelectronic technologies requiring high-
temperature processing in other functional layers, such as the 
emerging class of chalcogenide perovskites.[69] As an addi-
tional advantage, the thermal conductivity of BP is among the 
highest known for any material.[1] In bifacial solar cells lacking 
a continuous metallic contact and only consisting of materials 
with low thermal conductivity, BP contacts could have an addi-
tional thermal management function. Finally, the possibility 
of bipolar doping is encouraging for possible applications in 
transparent electronics.

6. Experimental Section
Film Deposition: Amorphous BP films were deposited on fused silica 

and crystalline Si substrates by reactive radio-frequency (RF) magnetron 
sputtering of B targets in an Ar/PH3 atmosphere. The desired Ar/PH3 
ratio was obtained by tuning the relative flow rate of a diluted PH3 
source (5% in Ar) and a pure Ar source. Due to the very low sputter 
yield of B, the films were grown under simultaneous sputtering of two 2” 
B targets from separate magnetron sources, unless otherwise specified. 
A bare 0.25”-thick B target (99.9% purity, Kurt J. Lesker) and a 0.125”-
thick B target In-bonded to a Cu backing plate (99.9% purity, Advanced 
Engineering Materials) were used. The two targets were confocally 
oriented with respect to the middle of the substrate. The gas inlet inside 
the deposition chamber was at approximately the same distance from 
the two targets and from the substrate. The substrates were clamped 
to a metallic platen, which was heated by infrared lamps. The quoted 
temperatures are those measured on the metallic platen after the 30 min 
stabilization time that preceded each deposition. The BP films employed 
for post-annealing experiments were deposited at room temperature 
with a total pressure of 5 mTorr, a PH3 partial pressure in the  
0.02–0.06 mTorr range, an RF power of 40 W for each target, and a 
target–substrate distance of 10cm. Safety precautions adopted when 
working with PH3 included gas dilution, continuous PH3 level monitoring 
at different locations, interlocks, PH3 pumping and scrubbing, and 
wearing self-contained breathing apparatus when opening the sputter 
chamber. A more detailed description is available elsewhere.[70]

Post-Annealing: Ampoules for annealing treatments were made from 
1220 mm long, 12 mm outer diameter, and 2 mm wall thickness fused 
silica tubing (Technical Glass Products, OH, USA). The tubes were cut 
into 400 mm sections using a diamond saw. The open-ended 400 mm 
tube sections  were rinsed using water followed by isopropyl alcohol 
to remove any residual water. Tube sections were then dried using dry 
compressed air. An oxy-propylene torch was used to pull the 400  mm 
tube sections  into half-ampoules (200  mm sections  with a single 
closed end). As-deposited BP films were cut into 7 × 12 mm2 pieces for 
post-annealing. Two such samples were placed in each half-ampoule. 
Care was taken to ensure that there was no overlap between the two 
samples inside of the ampoules. Unless otherwise specified, samples 
were annealed in a P-containing atmosphere by loading sacrificial red 
phosphorus powder (3 mg) in the ampoule. Ampoules were then sealed 
in vacuum after three evacuation (<100 mTorr) and purging (Ar) cycles, 
with a final sealed ampoule length of 120 mm. Under these conditions, 

the total phosphorus pressure at 1000 °C was estimated as 500 Torr and 
was expected to consist of gaseous P4 and P2 species in approximately 
equal concentrations.[71] For the annealing experiments without  
P powder, the ampoules were sealed under 400  Torr of Ar after  
the last evacuation step. The ampoules were placed horizontally in  
a tube furnace (Thermcraft Inc., NC, USA) as close to the control 
thermocouple as possible. A fixed heating and cooling ramp rate of  
20 °C min−1 was used while the soak time and temperatures were 
changed as a variable.

Characterization: X-ray diffraction measurements were conducted 
with a Bruker D8 diffractometer using Cu Kα radiation and a 2D detector. 
To cover the desired 2θ range, three frames were collected with the 
incidence angle ω fixed at 10°, 22.5°, and 35° and the detector center 
fixed at 2θ values of 35°, 60°, and 85°, respectively. The diffraction 
intensity at each 2θ angle was integrated over the χ range measured 
by the 2D detector. Structural analysis by XRD was complemented 
by Raman spectroscopy (Renishaw inVia) at 532 nm excitation and 
40 W mm−2 power density.

Film composition was determined by AES (Physical Electronics  
710 scanning Auger nanoprobe) with a 10 kV, 10 nA primary beam and 
after removing the native oxide and adsorbed species with an Ar+ beam  
(2 kV). The default sensitivity factors for numerically differentiated B-KLL 
and P-LMM peaks were used for quantification, which was performed 
using Physical Electronics MultiPak v9.6.1.7. Unless otherwise specified, 
the B/P ratios quoted in the article refer to atomic composition of the 
films before annealing. SEM images were taken with a Hitachi S-3400N 
instrument with a field emission gun and 5 kV beam voltage.

Film thickness and optical properties were determined by variable-
angle spectroscopic ellipsometry measurements using a J.A. Woollam Co. 
M-2000 rotating-compensator ellipsometer. Ellipsometry spectra were 
fitted with a substrate/film/roughness layer model in the CompleteEase 
software (J.A. Woollam). The fitting parameters were the thicknesses of 
the film and roughness layers, as well as the dielectric function of the 
film layer. The latter was represented by a Kramers–Kronig-consistent 
b-spline function with 0.3 nodes per eV. Optical transmission in the 
visible and near IR was measured in a home-built setup.

Electrical conductivity was measured on the plane of the substrate by 
a collinear four-point probe. Hall carrier concentration and mobility were 
measured with a Hall measurement station for low-mobility samples 
(FastHall, LakeShore Cryotronics) in the van der Pauw configuration. 
The results were validated by reversing the magnetic field and changing 
the measurement current. In case of inconsistencies, the results were 
discarded. The ellipsometry-determined film thickness was used in the 
derivation of the electrical properties.

The Seebeck coefficient was measured in a home-built setup using 
In contacts and four temperature differences in the vicinity of room 
temperature. After checking that the thermovoltage depended linearly on 
the temperature difference, the Seebeck coefficient of BP was determined 
as the slope of the linear curve minus the Seebeck coefficient of the In 
contacts. The work function was measured with a SKP SPV LE 450 Kelvin 
probe (KP Technology) calibrated with a standard Au sample.
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