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ABSTRACT: Black phosphorus (BP) is appealing as a next-
generation two-dimensional (2D) van der Waals (vdW)
material, but research into doping BP to optimize device
performance is still deficient. Here, we study n- and p-doping
of variously thick (2, 4, 7, and 10 nm) black phosphorus (BP)
films in terms of the performance of the corresponding BP-
based transistors and photodetectors. N- and p-doping were
respectively achieved with 3-amino-propyltriethoxysilane
(APTES) and octadecyltrichlorosilane (OTS). The changed
concentrations of BP were between approximately −2.1 × 1011

and −4.82 × 1011 cm−2 for APTES (n-doping) and between 1.06 × 1011 and 1.96 × 1011 cm−2 for OTS (p-doping). In the
transistor devices formed on a 2 nm thick BP film, n-doping negatively shifted the threshold voltage from 28.3 to 19.5 V.
Conversely, after p-doping with OTS, the threshold voltage was positively shifted from 20.6 to 23.7 V. In the BP photodetectors
(2 nm thick devices), responsivity (R) was reduced by −16% (520 nm) and −9% (850 nm) after n-doping, whereas p-doping
improved the responsivity by 40% (520 nm) and 20% (850 nm). Through this doping study, the very high photoresponsivity of
1.4 × 104 A/W under 520 nm laser exposure was achieved in 10 nm thick BP/OTS photodetectors. In addition, the n- and p-
doping effects were more obvious in thin BP films.
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Black phosphorus (BP), which is a stable allotrope of
phosphorus with a puckered two-dimensional (2D)

layered structure, is considered a promising material that can
be used to overcome the current limitations of two-dimensional
(2D) van der Waals (vdW) materials (e.g., transition metal
dichalcogenides (TMDs) and graphene). The mobility of bulk
BP was theoretically predicted to be of the order of 104 cm2/
(V·s) by Akahama et al.1 Li et al. reported a mobility of 103

cm2/(V·s) in a BP field-effect transistor (FET) fabricated on
few-layer-thick BP films,2 demonstrating the potential for future
fast-switching electronic devices. It was also reported that bulk
BP retains its direct band gap properties, in contrast to other
TMDs (e.g., molybdenum disulfide (MoS2) and tungsten
diselenide (WSe2)), although its energy band gap is dependent
on the number of BP layers (varying from 0.3 eV (bulk) to 2 eV
(single-layer)).3,4 Owing to its unique optical properties, BP is
considered a suitable material for future 2D optoelectronic
devices.5−7 Buscema et al. recently demonstrated a wide-range
spectral BP-based photodetector that exhibited high photo-
responsivity to light from the infrared (997 nm) to the
ultraviolet region (under 400 nm).5 However, the relationship
between the doping process and BP device performance has

not been investigated in detail, in terms of the performance
optimization of BP-based electronic/optoelectronic devices.
For TMDs like MoS2 and WSe2, many doping techniques have
previously been reported; doping has been carried out with
potassium,8 NO2,

9 benzyl viologen,10 self-assembled mono-
layers,11,12 phosphorus silicate glass,13 deoxyribonucleic acid
(DNA),14,15 thiol-based molecular chemisorption,16 and
Cs2CO3.

17 These doping techniques have led to performance
enhancements in various TMD-based electronic/optoelectronic
devices (e.g., increase in mobility and photoresponsivity) by
reducing the metal-TMD contact resistance and carrier lifetime
in the TMD region. Likewise, it is possible to optimize the
performance of BP-based devices by applying doping
techniques. Chen et al. recently reported the surface transfer
doping phenomenon by Cs2CO3 and MoO3 in BP-based
devices; they also achieved high electron mobility (27 cm2/(V·
s)) in 10 nm Cs2CO3-doped BP transistors and high
photoresponsivity (2.56 A/W) in 8 nm MoO3-doped BP
photodetectors.18
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Here, we study n- and p-type doping phenomena in BP
transistor and photodetector devices with various BP
thicknesses (2, 4, 7, and 10 nm), which are respectively
based on the dipole formations of self-assembled layers (SALs)
such as 3-amino-propyltriethoxysilane (APTES) and octadecyl-
trichlorosilane (OTS). The functional groups in APTES (NH3-
) and OTS (CH3-) have negative and positive charges,
respectively, which are able to adjust the carrier density in
the BP channel. In the first part of this study, we investigate
APTES- and OTS-doping at different thicknesses of BP by
Raman spectroscopy and X-ray photoelectron spectroscopy.
The film thickness was modulated by a low-energy ion beam
thinning process. The effects of doping on the various
parameters of electronic devices (VTH, carrier concentration,
and on-current) are discussed by analyzing the electrical data
(ID−VG and ID−VD). Finally, we analyze the APTES- and OTS-
doping effects in terms of the photoresponsivity of BP
photodetectors under exposure to lasers with various wave-
lengths (520, 655, 785, and 850 nm).

■ RESULTS AND DISCUSSION
Characterization of Plasma-Etched BP Films. First, we

prepared few-layer-thick BP films by mechanical exfoliation
onto SiO2/Si substrates using Scotch tape. This was followed
by low-power Ar+ plasma treatment to obtain BP films of
varying thicknesses (2, 4, 7, and 10 nm). Figure 1a shows a
schematic illustration of the few-layer-thick BP etching process.
As Ar+ ions move vertically in the Ar+ ion beam system to cause
ion bombardment on the BP surface, Ar+ ions can break P−P
bonds in the BP top layer when their energy is higher than the
P−P bonding energy. However, if Ar+ ions have excess energy,
a large portion of the energy is transferred to the bottom layer,

which can severely damage the BP structure. Therefore, we
found suitable process conditions to minimize the structural
damage on the BP layer (see the Experimental Methods and
Supporting Information, Figure S1). The etched BP films were
analyzed using atomic force spectroscopy (AFM), Raman
spectroscopy, and X-ray photoelectron spectroscopy (XPS).
Figure 1b,c shows the AFM images and thicknesses of BP flims
obtained after the plasma-etching. The thickness of the BP flims
was reduced from 10 to 7 nm after plasma treatment for 180 s;
this was subsequently reduced to 4 and 1.9 nm after 360 and
480 s, respectively. Next, we extracted the thickness data at six
different points (on the same BP flake) to verify the uniformity
of the plasma etching process and to estimate the etch rate. In
Figure 1c, the extracted thicknesses of the BP flims were
uniformly distributed around the average value at all conditions
(approximately ±1 nm from the average value) and the etch
rate was calculated to be approximately 1 nm/min. Figure 1d,e
shows the results of Raman spectroscopy analysis performed on
BP flims with various thicknesses. The Raman spectra show
three conventional peaks in 10 nm and 2 nm thick BP flims;
these peaks appeared at 366.16 cm−1 (A1

g peak), 441.1 cm−1

(B2g peak), and 469.11 cm−1 (A2
g peak). The A1

g peak of BP
indicates the out-of-plane vibration mode, and the other two
peaks (B2g and A2

g) correspond to the in-plane vibration
modes.19 Figure 1e shows that the A2

g peak was blue-shifted by
Δ = 1.64 cm−1 in the 2 nm thick BP film, while the other peaks
(A1

g and B2g) did not change as a function of thickness. This
blue-shift of the A2

g peak in the 2 nm thick sample seems to be
related to the interlayer van der Waals forces in BP. According
to Wan et al.,20 blue-shift of the BP Raman peak with
decreasing thickness is caused by acceleration of the oscillation

Figure 1. Characterization of BP films of various thicknesses. (a) Schematic illustration of Ar+ plasma treatment process applied to the BP films. (b)
AFM images of thinned BP films with various plasma treatment processing times (0, 180, 360, and 480 s). (c) The plasma-etched BP flake thickness
as a function of the plasma treatment processing time. (d) Raman spectra of 2 nm and 10 nm thick BP films and (e) extracted Raman peak positions
of BP films as a function of BP thickness. (f) XPS analysis of 2 nm and 10 nm thick BP films with binding energy peaks of P 2p3/2 and 2p1/2 and (g)
spin−orbital P 2p core peaks of BP films as a function of BP thickness.
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in P atoms that occurred owing to weakening of the van der
Waals forces between BP layers.
To investigate the structural damage of plasma-etched BP

films, we performed XPS analysis on the variously thick BP
films. In Figure 1f, we observed spin−orbital P 2p core peaks
(2p3/2 and 2p1/2 at 129.8 and 130.65 eV, respectively) in both
the 2 nm and 10 nm thick BP films. This suggests that the BP
structure consisted of only P−P bonding and did not undergo
any damage because of chemical reactions (e.g., native
oxidation or hydroxylation). In addition, we confirmed that
the positions of the P 2p3/2 and P 2p1/2 peaks were independent
of the thickness of the BP film (Figure 1g). If the BP films had
experienced structural damage during the etching process, the
binding energy of the P−P bonds would be modulated by
chemical reactions with oxygen or moisture in the air, which
would result in up- or down-shifting of the XPS phosphorus
peak position. Further, by investigating the root mean squared
(RMS) values of each thinned BP film (Supporting
Information, Figure S2), we also confirmed that there was
very little damage caused to the BP surface during etching. The
oxidized phosphorus peak, which observed at 135.05 eV in the
as-exfoliated BP flakes, disappeared in the plasma-treated BP
films (Supporting Information, Figure S3). Based on this result,
it is predicted that our plasma etching process effectively
removed the oxidized BP layer from the BP surface.
Raman Spectroscopy and XPS Analysis of SAL-Doped

BP Films. To investigate the SAL-based doping of BP, we
performed Raman spectroscopy and XPS analysis on BP films
that were exfoliated on APTES- and OTS-treated SiO2/Si
substrates. The thickness of the BP film was adjusted from 10
to 2 nm by plasma etching. The concentration of APTES and
OTS solutions was fixed at 1% (a detailed process is explained
in the Experimental Methods). Figure 2a,c shows the Raman

spectra that were obtained from APTES- and OTS-doped 2 nm
thick BP films, respectively. These data were compared with
those collected from undoped BP flakes of the same thickness.
In Figure 2a (showing Raman spectra of 2 nm thick BP film),
we did not observe any peak position changes (A1

g, B2g, and
A2

g) before and after APTES-doping. However, in BP films
with different thicknesses (4, 7, and 10 nm), we found that the
A1

g peak was red-shifted (Δ = −1.04 cm−1) by APTES doping
(see Figure 2b). It is thought that the concentration of
electrons increased by the n-doping process softened the BP in-
plane vibrational mode, subsequently causing the A1

g peak to
red shift. Alternatively, we confirmed blue-shifting of the A1

g
peak in the OTS-doped 2 nm thick BP film relative to the
undoped sample, as shown in Figure 2c. This blue shift between
0.86 and 1.04 cm−1 was observed for all thicknesses of the
OTS-doped BP films (Figure 2d). In addition, a smaller blue
shift of the B2g peak (Δ = 0.68 cm−1) was shown in the 10 nm
thick BP film. The blue shifts of the B2g and A2

g Raman peaks
seem to be induced by variations in the hole concentration
varied by p-doping stiffened the BP in-plane vibration modes.12

We also performed XPS analysis to investigate the chemical
binding of BP films with various thicknesses (2, 4, 7, and 10
nm) doped with APTES and OTS. Figure 2e and g present the
XPS spectra of 2 nm thick BP films before/after APTES and
OTS doping, respectively. The spin−orbital XPS peaks were
up-shifted from 129.8 to 130.1 eV (2p3/2) and from 130.65 to
130.95 eV (2p1/2) in the APTES-doped BP film (Figure 2e),
indicating that the Fermi level of BP moved toward the
conduction band edge after APTES-doping (i.e., an n-type
doping effect). Fang et al.8 previously reported upshift of the
XPS peaks of MoS2 and WSe2 after doping with potassium (n-
doping), where the XPS peak shift values ranged between 0.6
and 0.8 cm−1 for MoS2 and were approximately 0.4 cm−1 for

Figure 2. Characterization of BP films of various thicknesses before/after APTES- and OTS-doping. Raman spectra of 2 nm thick BP films before/
after (a) APTES- and (c) OTS-doping. Extracted Raman peak shift values of BP films after (b) APTES and (d) OTS doping as a function of the BP
film thickness. XPS analysis of 2 nm thick BP before and after (e) APTES- and (g) OTS-doping with binding energy peaks of P 2p3/2 and 2p1/2
electrons. Spin−orbital P 2p core peaks of (f) APTES- and (h) OTS-doped BP films as a function of BP thickness.
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WSe2. We then extracted the XPS peak position (binding
energy) of each APTES-doped BP film with reducing thickness
and plotted these values as a function of BP film thickness in
Figure 2f. Compared to the XPS peak positions of the undoped
BP film of the same thickness (129.8 eV for 2p3/2 and 130.65
eV for 2p1/2 at all BP thicknesses), peak-shifting was not
observed in the 10 nm thick APTES-doped BP sample.
However, as the BP film thickness decreased from 7 to 2 nm,
we observed an increase in the peak position (binding energy)
values from 0.1 to 0.3 eV for both the 2p3/2 and 2p1/2 peaks.

This is because the intrinsic carrier concentration of BP film
decreases with reducing thickness and this causes a relatively
greater reduction in the concentration of holes by the same n-
doping process (a more detailed explanation is in Figure 3).
Alternatively, in Figure 2g, we observed no peak change in the 2
nm thick BP films after OTS-doping (p-doping). We also
plotted the peak position values extracted in OTS-doped BP
films by adjusting the film thickness from 10 to 2 nm (Figure
2h), where no relationship between the XPS peak position and
the BP film thickness was observed. It is thought that the OTS-

Figure 3. Electrical characterization of APTES- and OTS-doped BP transistors. (a) Schematic illustration/optical image of BP transistor devices
doped by APTES and OTS and the energy band diagrams of Ti-BP-Ti junctions before/after (i) APTES and (ii) OTS doping. ID−VG and ID

0.5−VG
characteristics of BP transistors before/after (b) APTES and (e) OTS doping. The extracted threshold voltage shifts (ΔVTH = VTH_SAL − VTH_control)
and carrier concentration differences (Δp = p_SAL − p_control) at VGS = VTH in the BP transistors after (c) APTES and (f) OTS doping. The on-
current ratio (ION ratio = ION_SAL/ION_control) at VGS = −40 V in BP transistors with (f) APTES and (g) OTS doping. Electrical parameters in absolute
values as presented in the Supporting Information, Figure S5.
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doping effect is weaker than the APTES-doping effect in BP
films that initially present strong p-doping property;21 there-
fore, the XPS peak-shift caused by OTS-doping appears to be
below the binding energy resolution of XPS (approximately
0.05 eV). In particular, for both APTES- and OTS-doping, a
constant interval of approximately 0.85 eV was observed
between the two peak positions (2p3/2 and 2p1/2) regardless of
the thickness of the BP film (refer to Figure 2f,h). This is
because the two components of the XPS phosphorus peak,
located at the same 2p core level, were simultaneously up- or
down-shifted by SAL-based doping.
Electrical Characteristics of APTES- and OTS-Doped

BP Transistors. To reconfirm the SAL-doping effects on BP,
we fabricated back-gate BP transistors and performed current−
voltage measurements on the resultant devices (ID−VG and ID−
VD) before/after doping. Figure 3a shows the schematic
illustration, the optical image of SAL-doped BP transistor,
and the energy band diagrams of Ti-BP junctions before/after
(i) n-doping (APTES) and (ii) p-doping (OTS). In the case of
the APTES-doped BP transistor, the negative charges of the
APTES functional groups down-shift the BP energy band,
thereby reducing the electric field at the source-BP junction.
This phenomenon decreases the tunneling probability of holes
and subsequently increases the contact resistance between the
source and BP channel. In addition, APTES-doping increases
the electric field at the drain-BP junction and reduces the
effective electron barrier height via barrier lowering, which
eventually allows more electrons to be injected from the drain
to the BP channel. As a result, APTES-doping on the BP
transistor is expected to decrease hole conduction (on-current)

and increase electron conduction (off-current). Chen et al.
recently reported ambipolar behavior in BP transistors after
light Cs2CO3-doping (n-doping, nondegenerate level) and also
showed BP n-FETs with heavy Cs2CO3-doping (n-doping,
degenerate level).18 OTS-doping causes an upshift of the BP
energy band owing to the positive charges of the OTS
functional groups, consequently reducing the effective hole
barrier height at the source-BP junction. As a result, the hole
injection probability from the source into the BP channel also
appears to increase, which enhances the on-current of BP
transistors. Conversely, effective electron barrier height at the
drain-BP junction increases after OTS-doping because the
electric field at the junction is reduced by up-shifting of the
energy band (i.e., no electron injection from the drain to the
BP). Here, we only considered hole injection (source-BP
junction) and electron injection (drain-BP junction) at the on-
and off-state of BP transistors, respectively, because BP
transistors operate in accumulation mode. To support this
analysis, we performed transmission line method (TLM)
measurements on the doped BP films and extracted the
contact resistance, as shown in Figure S4. When OTS was
coated on the BP devices, the contact resistance decreased from
108 kΩ·μm to 65 kΩ·μm. On the other hand, the contact
resistance increased from 108 kΩ·μm to 186 kΩ·μm in the
APTES-doped BP device. As expected, this result indicated that
the OTS and APTES layers could improve/deteriorate carrier
injection from the source to the BP by tuning the effective
barrier height of metal-BP junctions.
We also performed electrical measurements on the APTES-

and OTS-doped BP transistors and extracted various electrical

Figure 4. Optical characterization of APTES- and OTS-doped BP-based photodetectors. (a) Schematic illustration of SAL-doped BP photodetector
under laser illumination (Plight = 6 mW/cm2) and descriptive diagram showing the changes of photocarrier recombination in (i) APTES- and (ii)
OTS-doped BP films. (b) Iphoto−VG characteristics of the undoped (dotted line) and APTES (pink solid line)/OTS (green solid line)-doped BP
photodetectors. Photoresponsivity extracted from (c) APTES- and (d) OTS-doped BP photodetectors with various thicknesses (2, 4, 7, and 10 nm)
as a function of the applied gate voltage. The photoresponsivity ratio (RSAL/Rcontrol) values as a function of the laser wavelength, which were extracted
from APTES- and OTS-doped (e) 2 nm- and (f) 10 nm-thick BP photodetectors. Photoresponsivity in absolute values as presented in the
Supporting Information, Figure S7.
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parameters (ΔVTH, Δp, and Ion). The 2D sheet doping
concentration was calculated from p = IDL/qWμVD, where q
is the electron charge, L and W are the length and width of the
channel, respectively (both are 1 μm), and μ is the mobility. All
carrier concentration values were normalized by the number of
BP layers. Figure 3b,e shows the ID−VG characteristic curves of
the 2 nm thick BP-based transistors before/after APTES and
OTS doping. In this experiment, we used eight control samples
that had similar electrical performances (on-current and VTH).
Four samples with on-current close to 1.5 × 10−6 A/μm at VG =
−40 V were used for the OTS experiment, and four other
samples with on-current close to 1.75 × 10−6 A/μm were used
for the APTES experiment. Because of this experimental design,
the I−V curves of the control samples presented in Figure 3b,e
are slightly different. As shown in Figure 3b, the on-current
level (at VGS = −40 V) decreased from 1.76 × 10−6 A/μm to
1.46 × 10−6 A/μm and the threshold voltage was negatively
shifted from 28.3 to 19.5 V (ΔVTH = −8.8 V) after APTES-
doping (n-doping). We plotted the electrical parameters as a
function of BP film thickness (between 10 and 2 nm). In Figure
3c, when the BP thickness was reduced from 10 to 2 nm, the
ΔVTH and Δp values decreased from −2.8 to −8.8 V and from
−2.1 × 1011 to −4.82 × 1011 cm−2, respectively. In addition, the
on-current ratio (ION_SAL/ION_control) decreased from 0.97 to
0.83 as the BP film thickness decreased (Figure 3d). This
decreasing trend indicates that the APTES-doping phenomen-
on becomes more pronounced for thinner BP channels; this
observation is consistent with our XPS analysis (refer to Figure
2f). Alternatively, for OTS-doping (Figure 3e), the on-current
increased from 1.54 × 10−6 to 1.76 × 10−6 A/μm and the
threshold voltage was positively shifted from 20.6 to 23.7 V.
Thinning the BP films from 10 to 2 nm increased the ΔVTH
and Δp values from 3.1 to 3.9 V and from 1.06 × 1011 to 1.96 ×
1011 cm−2, respectively. The on-current ratio increased from
1.15 (10 nm) to 1.4 (2 nm), also indicating that the OTS
doping effect becomes more pronounced for thinner BP films;
this is similar to the case of APTES doping. The SAL doping
concentrations (−4.82 × 1011 and 1.96 × 1011 cm−2 for n- and
p-doping, respectively) are lower than those of other BP doping
techniques using Cs2CO3 (1.5 × 1012 cm−2, n-doping),18 MoO3
(6.0 × 1012 cm−2, p-doping),18 and 1-ethyl-3-methylimidazo-
lium bis(trifluoromethanesulfonyl)imide (>1013 cm−2, p-dop-
ing).22 We also investigated SAL doping effects on 150 nm
thick BP devices (Supporting Information, Figure S8), where
we could not observe any variations in VTH and on-current.
These results are thought to be attributed to the intrinsic carrier
concentration (ni) difference of the BP channels, which is
dependent on the BP film thickness. Typically, the intrinsic
carrier concentration of bulk BP films is higher than that of few-
layer-thick BP films because bulk BP has a vdW structure in
which several BP monolayers are stacked (the carrier density of
monolayer BP is approximately 1013 cm−2 at 300 K23). Thus,
SAL doping that is able to induce the same concentration of
carriers has a greater influence on thinner BP films with lower
intrinsic carrier concentration, resulting in larger variations in
VTH and on-current.
Optical Characteristics of SAL-Doped BP Photo-

detectors. To further examine the SAL-based doping effects
in terms of photodetector device performance, we carried out
typical ID−VG measurements with BP-based photodetectors
upon exposure to various wavelengths (λ = 520, 655, 785, and
850 nm) of lasers. A three-dimensional schematic illustration of
the SAL-doped BP photodetector and graphical explanations

describing photocarrier recombination in (i) APTES- and (ii)
OTS-doped BP films are shown in Figure 4a. In the case of
APTES doping, we expect that the number of electrons in BP
increased because of the negative polarity of the NH2-
functional groups in the APTES, which increases the density
of unstable excitons and charged excitons; these excitons easily
dissociate and recombine with each other. Therefore, the
photocurrent deterioration caused by APTES doping seems to
originate from the increase in recombination probability in BP.
In Figure 4b, we plotted the photocurrent (when exposed to a
520 nm laser) as a function of the gate voltage before/after
APTES doping. Compared to the control device, the
photocurrent of the APTES-doped BP photodetector decreased
from 77.9 to 65.9 nA/μm. Conversely, for OTS-doping, the
recombination rate of photocarriers appears to be reduced in
the BP channel. It is thought that the CH3- functional groups in
OTS hold electrons in BP,24 reducing the density of unstable
and charged excitons. As a result, the photocurrent increased
from 133 to 187 nA/μm after OTS doping (Figure 4b). A
similar phenomenon was reported in WSe2 photodetectors after
OTS doping (p-doping), where the photoresponsivity values
were improved by a factor of 28.2; this phenomenon was due to
the decreased recombination rate of negatively charged trions
by p-doping.12 Then, to evaluate the SAL-doped BP photo-
detectors in detail, we calculated photoresponsivity values from
the ID−VG curves of the photodetectors with various BP
thicknesses (10, 7, 4, and 2 nm) using R = Iphoto/Plight, where
Iphoto is the photocurrent (Ilaser_on − Ilaser_off) and Plight is the
incident power of the laser source. The photoresponsivity data
was plotted as a function of the gate voltage bias in Figure 4c,d.
The photoresponsivities showed an increasing trend as
reducing the gate bias (VGS) to −40 V due to the increase in
BP channel conductivity. In addition, the photoresponsivity
tended to decrease as the BP film thickness was reduced in both
APTES- and OTS-doped devices. The maximum photo-
responsivity values (at VGS = −40 V) of the APTES- and
OTS-doped BP photodetectors decreased from 6.7 × 103 (10
nm) to 1.1 × 103 A/W (2 nm) and from 1.4 × 104 (10 nm) to
3.11 × 103 A/W (2 nm), respectively. The interfacial scattering
effect between the BP channel and the gate dielectric (or at the
plasma-etched surface) seemed to intensify when the BP
channel was thinned, decreasing the photoresponsivity. Here,
the maximum photoresponsivity value (1.4 × 104 A/W) is
higher than that of other BP and TMD-based photodetectors
that were recently reported in the literature (100 A/W on BP,25

8.16 × 102 A/W on MoS2,
26 4.2 × 102 A/W on WSe2,

27 4 × 103

A/W on ReS2,
28 and 8 × 102 A/W on ReSe2

29). For a fair
comparison, we used the responsivity values under similar
wavelength (500−532 nm) and incident power (5−10 nW).
Finally, we extracted the maximum photoresponsivity values of
the undoped and SAL-doped BP devices under exposure to
lasers of four different wavelengths (520, 655, 785, and 850
nm) to minutely investigate the SAL-doping effects in terms of
the spectral response of the BP photodetector. Figure 4e,f
presents the photoresponsivity ratio (RSAL/Rcontrol) of the SAL-
doped 10 and 2 nm BP photodetectors, respectively, as a
function of the laser wavelength (520, 655, 785, and 850 nm).
The deterioration and improvement of the photoresponsivity
caused by doping with APTES and OTS, respectively, occurred
at all wavelengths (R ratio: 0.82−0.92 in BP/APTES and 1.08−
1.49 in BP/OTS samples). In addition, when lower wavelength
lasers (below 655 nm) were irradiated on the SAL-doped BP
photodetectors, the photoresponsivity ratio varied slightly more
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(Figures 4e and f). This phenomenon is expected to originate
from the wavelength-dependent absorption properties of BP
films. In general, BP films show higher absorption under
exposure to lasers with lower wavelengths,30 which can increase
the number of photocarriers in the BP photodetectors. For a
reference, the wavelength-dependence of photoresponsivity was
also reported in MoS2- and WSe2-based photodetectors, where
the photoresponsivity ratios under exposure to 520 and 655 nm
lasers (R ratio: 13−17.2) were higher than the values under
exposure to 785 and 850 nm lasers (R ratio: 1.5−2).12

■ CONCLUSIONS

We investigated n-doping and p-doping by APTES and OTS,
respectively, on BP films with different thicknesses (2, 4, 7, and
10 nm). Characterization of the doping effects was completed
with Raman spectroscopy, XPS analysis, and electrical and
optical measurements. The changes in 2D doping concen-
trations of BP films varied between −2.1 × 1011 and −4.82 ×
1011 cm−2 for APTES and between 1.06 × 1011 and 1.96 × 1011

cm−2 for OTS while reducing the BP film thickness. Through
Raman and XPS analyses, we found that SAL-doping only
affected the A1

g peak (the in-plane vibrational mode) of BP. We
also observed an increase in the spin−orbital XPS (2p3/2 and
2p1/2) peak positions (binding energies) from 0.1 to 0.3 eV as
the BP film thickness was reduced from 7 to 2 nm. Additionally,
we studied the SAL-doping effects on the performance of BP
devices with varying film thicknesses. In the transistors formed
on 2 nm thick BP films, n-doping negatively shifted the
threshold voltage from 28.3 to 19.5 V. The degree of negative
VTH shift increased from −2.8 to −8.8 V as the BP films
thinned from 10 to 2 nm. Conversely, after p-doping with OTS,
the threshold voltage positively shifted from 20.6 to 23.7 V, and
this positive VTH shift value increased as the BP film thickness
decreased (ΔVTH: 3.1 → 3.9 V). In the BP photodetectors (2
nm thick devices), photoresponsivity (R) reduced by −16%
(520 nm) and −9% (850 nm) after n-doping, whereas p-doping
improved the photoresponsivity by 40% (520 nm) and 20%
(850 nm). In addition, the n- and p-doping effects were
stronger in thin BP photodetectors (n-doping: −16% (2 nm) >
−8% (10 nm); and p-doping: 40% (2 nm) > 24% (10 nm)).
Through this doping study, a high photoresponsivity (1.4 × 104

A/W at 520 nm) was achieved in 10 nm thick BP/OTS
photodetectors, which was higher than that of state-of-the-art
TMD photodetectors. In current research on BP devices, the
crucial factors that restrict the BP device performance are (i)
environmental instability of BP film due to high affinity with
H2O/O2 molecules in air and (ii) a narrow bandgap of few-
layer/bulk BP film (0.3 eV) that causes a low on-/off-current
ratio and high dark current. To further improve BP device
performance, it is essential to develop techniques for obtaining
a monolayer BP film (Eg = 2.0 eV) that is completely isolated
from air.

■ EXPERIMENTAL METHODS

Formation of APTES- and OTS-Doped BP Samples. To
form APTES and OTS layers on SiO2 layers (285 nm thick)
grown on a heavily doped p-type Si substrate (resistivity <
0.005 Ω·m), 500 μL of OTS (≥90%, Sigma-Aldrich) and
APTES (99%, Sigma-Aldrich) were added to 50 mL of hexane
(a mixture of isomers, ≥99%, Sigma-Aldrich) and toluene
(99.8%, Sigma-Aldrich), respectively. SiO2/Si substrates were
soaked in each solution for 1 h. After treatment, the samples

were rinsed with toluene, alcohol, and deionized water and
baked at 120 °C for 20 min in a vacuum oven to remove the
remaining solvents. BP flakes were mechanically exfoliated onto
the APTES- and OTS-doped SiO2/Si substrates with blue Nitto
tape (Supporting Information, Figure S9).

Obtaining and Verifying the Fabrication of BP Thin
Films. BP thin films were obtained by Ar+ plasma treatment.
The detailed fabrication system is presented in the Supporting
Information (Figure S1). Here, the first, second, and third grid
voltages were 30, −150, and 0 V, respectively. The ICP source
power and process pressure were 200 W and 3.5 mTorr,
respectively. The thickness and surface roughness of undoped,
APTES-doped, and OTS-doped BP samples were investigated
by performing atomic force microscopy (AFM) at room
temperature. The heights of all BP flakes were measured using
300 kHz Si cantilevers in the normal tapping mode. AFM
images were obtained using 256 samples per line at a scanning
rate of 0.5 Hz. The local surface roughness was measured over
an area of 2 μm × 2 μm and roughness values were determined
by analyzing the root mean squared (RMS) roughness.

Characterization of APTES- and OTS-Doped BP Films.
APTES- and OTS-doped BP samples were investigated and
compared with a control sample using PL/Raman spectroscopy
(Alpha300 M+, WITec) and X-ray photoelectron spectroscopy
(ESCA2000, VG Microtech Inc.). A Raman spectroscope with
an excitation wavelength of 532 nm was used. The laser beam
size was 0.7−0.9 μm and the instrumental spectral resolution
was below 0.6 cm−1. A Mg Kα twin-anode source with an X-ray
incident angle of 0° was used for the XPS measurements.

Fabrication of APTES- and OTS-Doped BP Devices. To
fabricate back-gated BP devices, we transferred BP films to the
APTES- and OTS-treated SiO2/Si substrates and performed
Ar+ plasma thinning on the films for 10 min. We then used e-
beam lithography to pattern the source/drain electrodes
(channel length and width = 1 μm). This was followed by
the deposition of Ti (10 nm) and Au (50 nm) via an e-beam
evaporator. After fabricating the BP devices, we repeated Ar+

plasma thinning to adjust the thickness of the BP film. Next,
poly(methyl methacrylate) (PMMA) was coated onto the BP
devices to prevent chemical reaction and oxidation of the BP
films by O2 and H2O in the air.

Electrical and Optical Characterization of APTES- and
OTS-Doped BP Devices. The fabricated devices were
analyzed by taking electrical measurements (ID−VG and ID−
VD) with an HP 4155A semiconductor parameter analyzer
with/without exposure to lasers with various wavelengths. The
threshold voltage (VTH) and carrier concentration (p) were
calculated from the measured data. Here, all drain currents (ID)
were normalized by the channel width (W). The 2D carrier
concentration was extracted using n (or p) = IDL/qWμVD,
where L and W are the length and width of the channel,
respectively, q is the electron charge, and μ is the mobility. The
light source was a dot laser with wavelengths of 520, 655, 785,
and 850 nm and an optical power of 0.6 mW/cm2. The
photoresponsivity (R) was extracted from R = Iphoto/Plight,
where Iphoto is the generated photocurrent and Plight is the total
incident optical power. After performing all electrical and
optical measurements in the APTES- and OTS-doped BP
devices, we transferred the BP devices onto the pristine SiO2/Si
substrates through a wet transfer technique (pristine BP
device). Then, we repeated the electrical/optical measurements
with the pristine BP device.
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