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Origin of photoresponse in black phosphorus phototransistors
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We study the origin of a photocurrent generated in doped multilayer black phosphorus (BP) phototransistors,
and find that it is dominated by thermally driven thermoelectric and bolometric processes. The experimentally
observed photocurrent polarities are consistent with photothermal processes. The photothermoelectric current
can be generated up to a micrometer away from the contacts, indicating a long thermal decay length. With an
applied source-drain bias, a photobolometric current is generated across the whole device, overwhelming the
photothermoelectric contribution at a moderate bias. The photoresponsivity in the multilayer BP device is two

orders of magnitude larger than that observed in graphene.
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Introduction. As is graphene, black phosphorus (BP) is also
a layered material, except that each layer forms a puckered
surface due to its sp> hybridization. The electrical, optical, and
structural properties of single crystalline and polycrystalline
BP have been studied in the past [1-5]. Recently, interests in
BP have reemerged [6—12], in its multilayer thin film form,
obtained by mechanical exfoliation [13]. In its bulk form, BP
is a semiconductor with a direct band gap of about 0.3 eV. In
addition, the optical spectra of multilayer BP also vary with
thickness, doping, and light polarization across mid- to near-
infrared frequencies [14]. In addition, recent electrical data on
multilayer BP thin films showed encouraging results with a
mobility of 1000 cm?/V s, making it an attractive alternative
to narrow gap compound semiconductors.

Photoexcitation at energies far above the energy gap
produces electrons (and holes) with large excess energy.
Conversion of the excess energy of these photoexcited carriers
into electrical current before they dissipate into the thermal
sinks represents one of the key challenges to efficient op-
toelectronic devices. Energy relaxation of the photoexcited
carriers predominantly occurs via different inelastic scattering
channels such as intrinsic optical and acoustic phonons [15], or
remote surface polar phonon modes of the substrate [16]. These
processes can produce elevated local electronic and phononic
temperatures which subsequently drive a thermal current, i.e.,
by thermoelectric [17,18] and bolometric [19,20] processes.

In the photothermoelectric process, the photoresponsivity
Rtg = Itg/ P, which is defined as the generated photocurrent
per unit incident laser power, depends on various material
properties. Here, Rtg ~ o§/(k. + kpn), Where o is the elec-
trical conductivity, S is the Seebeck coefficient, and «, (kpn)
are the electronic (phononic) thermal conductivities. In black
phosphorus, its high electrical conductivity coincides with a
low in-plane lattice thermal conductivity of 12.1 Wm~!' K~!
at room temperature [21]. The latter is attributed to the large
anharmonicity of the in-plane phonon modes, and the low
sound velocity of the acoustic modes [22]. Similar attributes
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are also found in anisotropic layered SnSe crystals, a good
material candidate for thermoelectrics [23]. On the other hand,
graphene is a poor thermoelectric material because of its high
lattice thermal conductivity, i.e., >2000 Wm™'K-! [24]. The
Seebeck coefficient S of BP is also estimated to be larger than
graphene [25-27].

In photobolometric processes, local heating by the laser
produces a differential change in resistance, which can
be detected in a typical photoconductivity setup [19,20].
The photoresponsivity varies as Rp ~ B/(k. + kpn), Where
the bolometric coefficient quantifies the sensitivity of the
electrical conductivity with temperature, i.e., 8 = do/dT.
Simple estimates based on Rp o< y2/D2., where D, is the
deformation potential and y; is the Grunéisen parameter, would
also suggests a larger Rp in BP than graphene.

In this Rapid Communication, we show that the photore-
sponse in a BP phototransistor is dominated by thermally
driven processes. The experimentally observed photocurrent
polarities and dependencies are consistent with our picture of
thermally driven thermoelectric and bolometric processes, not
with the photovoltaic effect.

Device characteristics. The layered structure of BP al-
lows for mechanical exfoliation into multilayer structures
on Si/SiO, substrates. Figure 1(a) shows the laser reflection
image of the BP device, which has a channel length of
L ~ 2 pm and an averaged width of W =~ 1 um. The black
phosphorus multilayer has a thickness of ~100 nm, based on
atomic force microscope measurements. Figure 1(b) shows
the Raman spectrum of the device, from which we determined
that our device channel is oriented 15° with respect to the
armchair direction of the crystal axes (see the inset) [8].
The device is contacted by Pd leads. Thicker BP films offer
the benefit of higher light absorption and carrier mobilities,
both crucial attributes for photodetection. Figure 1(c) shows
the electrical transfer characteristic of the device measured at
different source-drain voltages Vsp, averaged over the positive
and negative back gate voltage Vg sweeps. The current
modulation with Vpg is rather moderate as expected, since
the BP thickness is larger than the out-of-plane screening
length of order ~10 nm [29]. The current sourced exhibits
a linear dependence with the applied Vsp, allowing us to
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FIG. 1. (Color online) (a) Laser reflection image (15 um X
15 um) of the BP device. Source and drain terminals are indi-
cated. The light polarization used for the photocurrent and Raman
spectroscopy are indicated. (b) Raman spectra of BP showing the
prominent representative normal modes of the I' point optical
phonons. Three other Raman-active modes are not observed because
of selection rules for the scattering configuration [28]. (c) Electrical
transfer characteristic of the device measured at different source-drain
voltages Vsp, averaged over the positive and negative back gate
voltage Vg sweeps. (d) Electrical conductivity o and the Seebeck
coefficient S extracted from the measured transfer characteristics (see
text for details).

extract the electrical conductivity o, as shown in Fig. 1(c).
The Vpg dependence of o indicates that our BP device is p
doped.

The Seebeck coefficient is related to the electrical conduc-
tivity o via the Mott formula [30], and can be obtained from
the experimental o,

nzk%T 1 do \ dn
§=- — 2 )=, (1
3Cox \odV,/)dey

where €, is the Fermi energy, n is the electron density,
and Cyy is the back gate oxide capacitance (300 nm SiO,
dielectric). Quantities involving o, as expressed within the
parentheses, can be obtained from experimentally measured
o. For BP multilayer thin films, their carrier density can
be computed within the effective mass framework as de-
scribed in Ref. [14], from which dn/de; can be computed.
Figure 1(d) plots the extracted Seebeck coefficient across the
applied Vpg. S is positive since the device is p doped, and
the dependence with doping is consistent with the expected
behavior, that the magnitude of S decreases with doping. With
the measured electrical conductivity of o & 0.4 mS and taking
the hole mobility to be ~1000 cm?/V's [6-8], we arrive at
a considerable hole carrier density of 2.5 x 10'> cm~2. The
magnitude of § ~ 60 uV /K is comparable to that observed in
graphene [31], but is smaller than that estimated in recent
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calculations [27], which can probably be attributed to the
presence of disorder in our samples.

Modeling. The polarities, and order of magnitude estimates
of the photothermoelectric and photobolometric effects are
presented, which can be compared against the experiments
below.

Light absorbed by the BP device is modeled with a power
density following a Gaussian profile as follows,

P _ 2
P(x) = ;’: = exp[ _ & 26;0) ] 0
K 0

where ag = L;/2 x /2w /21og 2 is the spread in terms of the
laser spot size Ly, Py is the incident power, and « is the absorp-
tion coefficient. For infrared frequencies, o &~ 0.005 per nm
[14] in BP along the armchair direction, which translates to
a ~ (.5 for our device.

Each thermal bath can be characterized by their respective
temperatures. Electronic (7;) and phononic (7p,) temperatures
of the device are modeled via a coupled differential heat
transport equations as follows,

2
e

90°T,
—lKe—— + Ve-ph(Te - Tph) = P(x),
ox
5 3
9Ty,
—lph + Y0(Tph — To) = Veph(Te — Tin),

where Ty = 300 K is the ambient temperature. The Si substrate
and metallic contacts, which serve as heat sinks, are at 7. The
electronic thermal conductivity «, can be determined from
the Wiedemann-Franz law from the measured o, and was
found to be 0.5 Wm™! K~'. The lattice thermal conductivity
Kkpnh Was experimentally found to be 12.1 Wm~! K~ for bulk
polycrystalline samples at 300 K [21]. We adopt this measured
value for our calculation, but note that moderate anisotropy to
within an order of magnitude should be expected in crystalline
samples.

Besides the in-plane heat transport, there are also heat
exchanges with the substrate. Heat flow into the underlying
Si substrate is mediated by the SiO, dielectric of thickness
300 nm. In addition, the finite BP thickness implies also an
out-of-plane thermal resistance. With an out-of-plane lattice
thermal conductivity of &1 W m~! K~!in BP [21], and a bulk
thermal conductivity 0.5-1.4 Wm~'K~! in SiO, [32], this
translates to an effective out-of-plane thermal conductivity
of order yy &~ 1 MW/K m? for the BP-SiO, stack. Typically,
the electron cooling rate at room temperature is dominated
by inelastic scattering processes with acoustic phonons. In the
temperature regime of interest, where the Maxwell-Boltzmann
statistics is approximately applicable, the electron energy-loss
rate via acoustic phonons is known to be linear in temperature
[33]. Hence, we can express this energy-loss rate via a
thermal conductivity, y,.pn. Currently, there are no estimates
for y.pn in BP. Hence we tentatively assigned a value of
Yeph ~ 0.1 MW/K m?2, similar to graphene [16], which we
later found to provide good agreement to the experimentally
measured photocurrent.
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The steady state current due to local heating in our device
can be written as

dT (x)

L
1 :U(Vd—VS)—i—/ aS(x)
L
—/ epun®(x )

0

where n* is the photoexcited carrier density, V(x) is the
applied electric potential, while E(x) is the induced electric
field in response to the photoexcitation that establishes current
continuity [34]. The current components in Eq. (4) are the dark
current (Ipc), photothermoelectric (Itg), photovoltaic (Ipy),
and bolometric (Ip), respectively.

Photothermoelectric. Figure 2(a) (top) illustrates the energy
band diagram under zero applied bias. Our device has an
electrical conductivity of o & 0.4 mS and Seebeck coefficient
S ~ 60 uV/K. The metallic contacts, on the other hand, have
very poor thermoelectric sensitivities, i.e., S & 0 ©V /K. The
metal-BP junction therefore effectively acts as a thermocouple,
which upon heating would produce a hole current flowing into
the BP channel, as depicted in Fig. 2(a).
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FIG. 2. (Color online) (a) Energy band diagram of the device at
zero (top) and finite (bottom) source-drain bias. The polarities of the
various photocurrents, i.e., thermoelectric, bolometric, photovoltaic,
are indicated. (b) Simulated spatial profiles of the elevated electronic
and phonon temperatures (i.e., 7, and Tp,,) due to local laser
induced heating, as indicated. Ambient temperature 7 = 300 K.
(c) Simulated laser-scanned photothermoelectric currents at different
incident power. (d) Simulated laser-scanned photobolometric currents
at different applied source-drain bias.
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Figure 2(b) shows the computed temperatures profiles 7,
and T, due to local excitation by a continuous wave laser
at different locations, as indicated. For photothermoelectric
effects, T, is the relevant temperature. Maximal heating of the
metal-BP junction occurs when the laser is parked directly
above, with 7, — T, ~ 50 K. We observed that the thermal
energy flows for more than a um, with 7, — Tp ~ 0 K at
the opposite metal-BP junction. Hence, when the laser is
parked at the middle of the channel, heating of the metal-BP
junction can also occur, producing an elevated electronic
temperature T, — Ty ~ 20 K. This long thermal length of
1 pm (determined by the electron-phonon coupling y,.pn) can
produce a seemingly nonlocal photothermoelectric current I1g.
Figure 2(c) shows the simulated Itg as the laser scans across
the length of the device. Indeed, a finite photoresponse persists
even um away from the photoactive metal-BP junction, and
a zero response is obtained when the laser is at the middle
of the symmetric channel due to canceling photocurrents
from the two contacts. Maximal Itg occurs at a finite distance
from the junction due to tradeoffs between the dual functions
of metal contact as a photoactive junction and a heat sink. Itg
increases proportionally with increasing laser power P.

Photobolometric. Figure 2(a) (bottom) illustrates the en-
ergy band diagram for our BP device with finite applied
bias. Photoinduced heating can modify the electrical transport
coefficients, leading to an electrical conductivity that differs
from that in the dark. The bolometric coefficient quantifies
the sensitivity of the electrical conductivity with temperature,
i.e., B =do/dT. At room temperature, its carrier mobility is
dominated by acoustic phonon scattering, which has a T3/
temperature dependence for bulk [4]. In the two-dimensional
(2D) limit, one would expect the acoustic phonon limited
mobility to have T~ dependence as graphene [35], when
T is larger than its Bloch-Grunéisen temperature. However,
experiments with BP multilayers have found an anomalous
temperature dependence of T~!/? instead, reminiscent of
the one-dimensional (1D) case, which can most probably
be attributed to the highly anisotropic band structure of BP
[6-8]. With a dark electrical conductivity of o ~ 0.4 mS, we
arrived at g &~ —0.7 uS K~'. Negative g implies a negative
photoconductivity, typical in metallic or doped materials
[19,36].

In the case of the photobolometric effect, Ty, is the relevant
temperature. As shown in Fig. 2(b), T, exhibits a similar
behavior as T,, except an order of magnitude smaller, i.e.,
~10 K. This is expected since the thermal resistance between
the electron and phonon baths is an order of magnitude larger
than the phonon and substrate, i.e., yefplh < yo_l. Figure 2(d)
shows the simulated bolometric current /5 as the laser scanned
across the length of the device. The Iz flows in the opposite
direction to the Ipc, and has the largest magnitude in the middle
of the channel, and increases linearly with Vpg.

Photovoltaic. A local electric field can drive the pho-
toexcited n*, producing a photocurrent. However, our BP
device has substantial p doping, and electron-electron scat-
tering can significantly reduce n*. Indeed, in graphene, one
observed a crossover from photovoltaic to bolometric as
doping increases [19,36]. Based on the metal gate stacks
we used (Ti/Pd/Au), and the substantial p doping in BP,
we expect a Schottky junction at the metal-BP interface, as
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FIG. 3. (Color online) Photocurrent cross sections extracted
from photocurrent maps taken along the direction of maximum
amplitude measured as a function of optical power density. The
photocurrent is laser excited at a visible wavelength of 532 nm, at
different (a) incident power and (b) applied source-drain bias. Similar
measurements are done for an infrared wavelength of 1550 nm in (c)
and (d). Shaded areas indicate contact regions of the device.

depicted in Fig. 2(a). In both the zero and finite bias cases,
the photovoltaic current would bear opposite polarity to the
thermoelectric and bolometric currents, allowing for direct
experimental verification of the photocurrent origins via their
polarities.

Measured photoresponse. A focused laser beam at a visible
wavelength of 532 nm is scanned across the channel of
the device by a piezo-driven mirror to acquire the spatial
photocurrent profiles. The photocurrent setup and microscopy
is discussed elsewhere [37]. Figures 3(a) and 3(b) plot the
measured photocurrent spatial profiles as a function of laser
intensity and applied bias, respectively. The current polarities
follow from the device energy band diagram as shown in
Fig. 2(a), where current flowing from the source to drain
direction is assigned as positive. It is immediately apparent
that the measured photocurrent polarities are consistent with
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the thermoelectric and bolometric processes, while the pho-
tovoltaic effect predicts the opposite polarity. In addition, the
photothermoelectric current can be picked up a micron away
from the photoactive contacts, indicative of the long thermal
decay length, consistent with the photothermoelectric effect
discussed earlier. On the other hand, a photovoltaic effect
would only be observed where there are local electric fields,
i.e., at the contacts.

A laser power of 100 uW translates to a power density
of 220 kW /cm?. The maximal observed photothermoelectric
current (average of the two junctions) is of the same order
as calculated, but with strong asymmetry due to the device
geometry. Normalizing it to the total incident power, the
photoresponsivity is 220 mA/W. This larger responsivity,
about two orders of magnitude larger than its graphene
counterparts [38], is largely attributed to larger o associated
with the 100 nm BP film. Compensating for the larger o, about
50% in our BP device versus 2% in monolayer graphene, one
arrives at a “renormalized” photoresponsivity an order larger
still.

With an applied source-drain bias, a photobolometric
current is generated across the whole device, eventually
overwhelming the photothermoelectric currents at a moderate
bias of 0.5 V. The measured photobolometric current is ~2x
larger than that calculated. This would suggest a slightly larger
electron-phonon coupling y..ph, or bolometric coefficient 8,
than that assumed in our analysis. We note that the § used is
similar to that obtained in graphene [19]. We also observe a
slight tilt in the maximal bolometric current towards the drain
contacts, probably due to drain-voltage induced doping of the
channel interior. Similarly, the observed photoresponsivity due
to the bolometric effect is about two orders of magnitude
larger than that obtained in graphene [19]. We observed
similar photocurrent behavior and responsivity at an infrared
wavelength of 1550 nm, as shown in Figs. 3(c) and 3(d).

Conclusion. We found that photocurrents in doped multi-
layer BP phototransistors are dominated by thermally driven
thermoelectric and bolometric processes. Multilayer BP offers
an attractive alternative to narrow gap compound semiconduc-
tors for optoelectronic applications involving hyperspectral
light detection covering both visible and infrared frequencies.

Note added. Recently, we became aware of recent works
that discusses the origin of photocurrent in BP phototransistors
[39-42]. The results in Ref. [39] also found a photother-
moelectric contribution that is consistent with our findings,
while devices in Refs. [40,41] are biased at low dopings where
photovoltaic was found to dominate.
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