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T
ransformation of a material from bulk

to two-dimensional (2D) results in the

realization of new physical phenom-

ena. The resulting properties form the basis

for futuristic thin film technologies. Since

the discovery of graphene from bulk gra-

phite in 2004,1 it has been viewed as an

ideal material for next generation applica-

tions in photonics, nonlinear optics, THz

electronics, flexible transparent electrodes,

sensors, conductive composites, and gas

separation membranes.2�10 Despite exten-

sive studies,11�16 graphene-based FETs still

cannot compete with traditional silicon-

based electronic devices as it suffers from

an intrinsic bottleneck for its use in optoe-

lectronic applications. Graphene is a zero

band gap semiconductor in which the con-

duction and valence bands meet at the

Fermi energy. This implies that there are

no electronic states in graphene that allow

photoexcited carriers to be generated and

have long enough lifetimes17,18 to develop

optoelectronic devices such as photodetec-

tors and photovoltaics. Although some re-

ports showed graphene has photoresponse

and responsivity is high, the dark current is

usually very high due the absent of band

gap.19�21 Despite these shortcomings, gra-

phene research has served as a catalyst for

the birth of a new field, beyond graphene, in

the form of novel 2D layered semiconduct-

ingmaterials also known as transition-metal

dichalcogenides (TMDC) that exhibit novel

electrical and optical properties.22�32 Re-

cent studies have shown that single-layer

MoS2 has a photoresponsivity of 0.42 mA/W

and a band gap of 1.8 eV.33 Lopez-Sanchez

et al. showed that the photoresponsivity

of MoS2 can be significantly enhanced by
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ABSTRACT

Atomic layers of two-dimensional (2D) materials have recently been the focus of extensive research. This follows from the footsteps of graphene, which has

shown great potential for ultrathin optoelectronic devices. In this paper, we present a comprehensive study on the synthesis, characterization, and thin film

photodetector application of atomic layers of InSe. Correlation between resonance Raman spectroscopy and photoconductivity measurements allows us to

systematically track the evolution of the electronic band structure of 2D InSe as its thickness approaches few atomic layers. Analysis of photoconductivity

spectra suggests that few-layered InSe has an indirect band gap of 1.4 eV, which is 200 meV higher than bulk InSe due to the suppressed interlayer electron

orbital coupling. Temperature-dependent photocurrent measurements reveal that the suppressed interlayer interaction also results in more localized

p
z
-like orbitals, and these orbitals couple strongly with the in-plane E0 and E00 phonons. Finally, we measured a strong photoresponse of 34.7 mA/W and fast

response time of 488 μs for a few layered InSe, suggesting that it is a good material for thin film optoelectronic applications.

KEYWORDS: photodetector . 2D layered materials . resonance Raman scattering . InSe . photoconductivity
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achieving lower resistance contacts.34 Although it has

advantages in form factor for its use as an ultrathin

photodetector, the band gap is relatively large and

does not overlap well with the visible spectrum, mak-

ing it intrinsically nonideal for its use as an active

element for visible light photodetector applications.

Besides TMDC, several III�VI group van der Waals

layered structures materials such as GaS,35 GaSe,36,37

and In2Se3
38 have also been studied as layered photo-

response matierals. Because of their dramatic photo-

response and large nonlinear effect, these bulk materials

have been widely used in the areas of photodetection,

nonlinear optics, and THz generation source.39�42 The

photoresponse of mechanically exfoliated37,43 and syn-

thetic few layered GaSe36 exhibits good photoresponse

with low dark currents and an external quantum effi-

ciency. However, both theoretical44 and experimental36

work has shown that the band gap of GaSe changes

dramatically (from 1.8 to 3.2 eV) with decreasing number

of layers, which originates from the suppressed interlayer

interactions from the pz-like orbitals of Se atoms. There-

fore, these devices have a weak photoresponse in the

visible region. On the other hand, InSe, another III�VI

layered semiconductor with a band structure similar to

GaSe has a narrower band gap42,45 with a near perfect

overlap with the visible spectrum and is expected to

outperform the above-mentioned layered 2D materials.

In this paper, we present an extensive study on

(a) synthesis and isolation (b) optical and electrical

properties (25 to 250 K) and (c) ultrathin photodetector

application of few-layered InSe. Direct correlation be-

tween resonance Raman spectra and the photocon-

ductivity reveals a systematic evolution of the 2D

band structure from bulk to few layered InSe. Detailed

analyses of photoconductivity spectra show that few-

layered InSe has an indirect band gap of 1.4 eV. The

200 meV difference compared to 1.2 eV for bulk InSe is

due to the suppression of interlayer coupling as its

thickness approaches a few atomic layers. Temperature-

dependent measurements on a few layered InSe de-

vices reveal the signature of localized electronic states

that couple strongly to the in-plane E0 and E00 phonons.

Furthermore, we demonstrate that few layered InSe is

an good candidate for thin film photodetector applica-

tion with a photoresponsivity of 34.7 mA/W and a

response time of 488 μs.

RESULT AND DISCUSSION

Thecrystal structureof InSe is consistsof In�Se�Se�In

layers as depicted in Figure 1a. The distance between two

neighboring layers is 0.84 nm, and the lattice constant

along the axes is 0.40 nm.46 Each layer has hexagonal

structure as shown in Figure 1b and has a D3h symmetry.

The crystals synthesized with In�Se nonstoichio-

metric melt46 according to the phase diagram47 have

a black mica-like texture with a layered morphology.

Energy dispersive X-ray spectrum (EDX) showed an

indium to selenium ratio of 1:1 (refer to Supporting

Information, Figure S1). We also performed high-

resolution transmission electron microscopy (HRTEM)

to characterize the crystal structure and evaluate the

overall crystalline quality of the exfoliated InSe sample.

Few layered 2D samples of InSe for HRTEM were

prepared by chemical exfoliation. The bulk InSe crystals

were sonicated in Dimethylformamide (DMF) for 48 h

and drop casted on to a lacy carbon TEMgrid. Figure 1c

illustrates the HRTEM image of InSe, which shows

perfect hexagonal lattice structure of the synthesized

material. The lattice constant measured along (100)

direction gives a value of 0.40 nm, which is in agree-

ment with the reported lattice constant of InSe.46 The

selected area electron diffraction pattern is shown in

Figure 1d and presents a 6-fold symmetry, which is an

indicator of the overall crystalline quality, thus con-

firming that the synthesized InSe has a good crystal

structure and justifies its use as the startingmaterial for

the investigation of the optical and electrical proper-

ties of few layered InSe.

A few layers of InSe flakes were obtained by using

the mechanical exfoliation technique established by

Novoslov and co-workers for the isolation of graphene

from HOPG.1 Briefly, the bulk crystal is peeled with

tweezers into pieces with a diameter of 4�5 mm and a

thickness of tens of micrometers. Few-layered InSe

flakes, tens of micrometers in size, were mechanically

exfoliated using scotch tape and optically visualized

after transferring on a silicon wafer with 285 nm

thermally grown SiO2 layer. The atomic force micro-

scope (AFM) was used to measure the thickness and

roughness of the exfoliated InSe flake on top of SiO2.

Parts a and b of Figure 2 show the AFM topography

images and the corresponding optical images of typi-

cal samples studied here. The thickness of the exfo-

liated samples typically varied from 4 to 10 nm, which

corresponds to 4�11 atomic layers. The exfoliated top

surface was extremely flat along the cleavage plane of

InSe crystal, suggesting weak van der Waals coupling

between the layers.

In order to probe the electronic band structure and

lattice vibration properties of InSe, Raman measure-

ments (resonance and nonresonant) were performed

on a few layered InSe flakes. Resonance Raman process

involves the transitions between actual electronic en-

ergy levels, so in addition to probing lattice vibrations

(or phonons), it can also provide insights into electronic

states in InSe. Consistent with previous studies on bulk

InSe, an argon line (514 nm) laser was used to excite the

resonant Raman transition in InSe that arises from

interband E1
0 transition (energy difference of 2.4 eV

originating between the px,py-like orbitals to the bot-

tom of the conduction band42,48) and is illustrated in

Figure 3 with green arrows. Nonresonant Raman tran-

sition is represented as red arrows between the px,py-

like orbitals to some virtual energy level such that the
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energy difference is lower than resonant Raman en-

ergy of 2.4 eV.

The resonant (laser excitation 514 nm) and nonre-

sonant (laser excitation 633 nm) Raman spectra are

shown in parts b and c, respectively, of Figure 4.

The following discussion assumes that the sample is

mainly ε-InSe or (and) γ-InSe, as the Raman spectra

agree well with previous studies on bulk ε-InSe and

γ-InSe crystals.49 The Mulliken symbols are used to

label the corresponding ε-InSe vibrationmodes (ε-InSe

has the same point group symmetry to single InSe

layer, so all the discussion about ε-InSe can also be

applied to single InSe layer) and theΓ symbols are used

to label the vibration modes in γ-InSe consistent with

previous work on bulk InSe.49 In each unit cell of ε-InSe,

there are two layers of Se�In�In�Se atomic unit, i.e.,

eight atoms in each unit cell. Counting the three

degrees of freedom for each atom, it has 24 vibrational

modes. Since ε-InSe has D3h symmetry, it has four A2
00

modes, four A1
00 modes, eight E0 modes, and eight E00

modes. In γ-InSe, each unit cell has 12 atoms and,

consequently, 36 vibration modes. In C3v symmetry,

they are divided into 12 Γ1 modes and 24 Γ3 modes.

Experimentally, we observed seven modes (the reason

for the observation of limited number of modes is

discussed in Supporting Information).

The Raman modes (see Figure 4a) observed in reso-

nant Raman (see Figure 4b) and nonresonant Raman

(see Figure 4c) are listed in Table 1. We observed seven

modes in our resonant Raman spectrum, A1
0(Γ1

2) at

117 cm�1, E0(Γ3
1)-TO and E00(Γ3

3) at 179 cm�1, A2
00(Γ1

1)-

TO at 187 cm�1, A2
00(Γ1

1)-LO at 201 cm�1, E0(Γ3
1)-LO at

212 cm�1 ,and A1
0(Γ1

3) at 227 cm�1. In contrast, the

nonresonant Raman only shows the A1
0 (Γ1

2) mode at

117 cm�1, E0(Γ3
1)-TO and E00(Γ3

3) modes at 179 cm�1,

and A1
0(Γ1

3) mode at 227 cm�1 because other modes

Figure 1. Crystal structure of InSe. The blue spheres refer to Indium atoms and the brown spheres refer to the selenium
atoms. (a) Side viewof the lattice structure, thedistancebetween twoneighboring layers is 0.84nm. The top-view shown in (b)
has a hexagonal structure with single layer symmetry of D3h; the lattice constant along a or b axis is 0.40 nm. High-resolution
TEM image of InSe flake (c) and electron-beam diffraction pattern (d). The lattice constant along a axes is measured (100)
direction as shown in (c) and reads a value of 0.40 nm. The electron-beam diffraction pattern is collected with an electron-
beam shined along c axes. The diffraction pattern shows a 6-fold symmetry, which indicates good crystal quality.
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are forbidden by Raman selection rules, relatively weak

or are degenerate in energy (E00 and E0-TO mode are

degenerate in energy). We also observed a Rayleigh tail

(the broad background in the spectrum) in the reso-

nant Raman pattern, which results from the fluores-

cence accompanying the resonant process. This

phenomenon was not observed in the nonresonant

Raman pattern (flat background).

From the resonant and nonresonance Raman mea-

surements we estimate (a) the number of layers of InSe

and (b) changes in the electronic band structure of InSe

from bulk to few layers. The number of layers of InSe

can be estimated from the ratio of A2
00(Γ1

1)-LO and

E0(Γ3
1)-TO peaks, as illustrated in the Raman mapping

(see Figure 4e).

For bulk InSe, the resonant A2
00(Γ1

1)-LO peak at

201 cm�1 is relatively weak, and the A2
00(Γ1

1) -TO and

LO branches of E0(Γ3
1)-LO mode were not observed.

As the number of layers decreases, the intensity of

A2
00(Γ1

1) mode does not decrease as dramatically as the

other peaks. Thus, these changes in the relative peak

intensity of A2
00(Γ1

1)-LO can be used as a reference to

estimate the number of layers of InSe. Parts d and e of

Figure 4 show the correlated optical image of one InSe

flake and variation of thickness across the flake, and the

corresponding Ramanmapping that shows the relative

peak intensity of A2
00 (Γ1

1) -LO peak (ratio between

A2
00(Γ1

1)-LO and E0(Γ3
1)-TO). It is clear that the thicker

regions give lower intensity, while the A2
00(Γ1

1)-LO

mode is much stronger in thinner regions. For the

resonance Raman spectra all peaks are clearly detect-

able for flakes that are∼7 layers and above, which is in

sharp contrast to nonresonant Raman spectra where

only A1
0 mode was observed at 227 cm�1. However, as

the number of layers decreases to three to five layers,

all the Raman peaks (resonant and nonresonant) dis-

appear leaving behind a broad envelope indicated by

the blue curve in Figure 4b. The observation of the

resonance Raman peaks up to ∼7 layers suggests the

energy gap between px,py-like orbitals and the bottom

of the conduction band (see Figure 3) does not change

appreciably for up to ∼7 layers. However, as the num-

ber of layers becomes less than∼7 layers, both pzorbital

the px,y-like orbitals should strongly be affected by the

suppressed interlayer coupling and result in observable

changes in the electronic band structure that lead to the

disappearance of the resonance Raman peaks.

To directly probe the changes in the electronic band

structure and to understand the disappearance of Raman

modes with the decreasing number of layers of InSe, we

performed photoconductivity experiments, which are illu-

strated in Figure 5a. InSe metal�semiconductor�metal

Figure 2. AFM image of exfoliated InSe flakes. (a) Flakewith a thickness of 5.2 nm, which corresponds to four to five layers. (b)
Thinner flake with varying thickness. The thickness of the flake varies from 6 to 12 nm, with a step height of 2 nm, which
corresponds to two layers.

Figure 3. Electronic band structure and Raman processes in
few-layered InSe flakes. The band gap of InSe is defined
between pz like orbitals, which forms the top of the valence
band and thebottomof the conductionband. The transition
between the px,y orbital to bottom of the conduction band
(E1

0 transition) corresponds to an energy gap of 2.4 eV
(514 nm). A laser excitation with 514 nm results in the
resonant Raman process, while excitation with a 633 nm
laser line gives a nonresonant Raman process.
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(MSM) photodetector devices were fabricated on

layered InSe flakes with different thicknesses, with

Ti/Au (10 nm/30 nm) electrodes. Figure 5a captures

the changes in the photocurrent spectra as a function

of the number of layers of InSe. The red dashed line

separates the spectra into two parts. The left part

(400 to 550 nm), corresponds to the electronic transi-

tion from px,y-like orbital (referred to as xy-band in the

following discussion) to the bottom of conduction

band, and the right part (550 to 800 nm, refer to z-band

in the following discussion) corresponds to electronic

transition from pz-like orbitals to the bottom of con-

duction band. As the number of layers goes down

below ∼7 layers, the photocurrent response in the

z-band decreases sharply. This is because the interac-

tion between pz-like orbitals (which is perpendicular

to the layer plane) in neighboring layers is strongly

suppressed. This is consistent with measurements on

GaSe36 that have the same crystal structure. In addi-

tion, we also observe that the E1
0 peak in the xy-band

arising from px,y-like orbital to conduction band ex-

periences a strong blue shift of ∼150�200 meV shift-

ing the E1
0 transition energy from 2.41 eV (λ∼514 nm)

Figure 4. Raman studies ofmechanically exfoliated InSe flakes. (a) Observed vibrationalmodes in our study. The E0 mode and
A2

00 are spilt into LO and TOmodes, respectively, due to the coupling between lattice vibration and electromagnetic field. (b)
Thickness-dependent resonant Raman spectra of InSe flakes with a 514 nm argon ion laser excitation. As a reference, the
nonresonant Raman spectrawere takenwith a 633 nmexcitation (c). The peak intensity ratio betweenA2

00(Γ1
1)-TO andE0(Γ3

1)-
TO was used to estimate the number of layers. An optical image of InSe flake with variant thickness (d) used for Ramanmaps
shown in (e). The ratio of the peak intensities reveals that as the number of layers decreases, the ratio becomes higher.

TABLE 1. Resonant Raman (Different Layers) and Non-

resonant Raman Modes Observed in InSe Flakes

mode A1
0(Γ1

2)

E0(Γ3
1)-TO

and E00 (Γ3
3)

A2
00

(Γ1
1)-TO

A2
00

(Γ1
1)-LO E0(Γ3

1)-LO A1
0(Γ1

3)

resonant

bulk 117 179 201 227

∼20 L 117 179 199 228

∼10 L 117 179 201 227

7�8 L 115 179 187 201 212 227

nonresonant

>10 L 117 179 227
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to∼2.6 eV (480 nm). This blue shift in the E1
0 transition

with decreasing number of layers is consistent with

the disappearance of the Raman modes. Resonance

Raman modes can no longer be excited with a 514 nm

laser line and leads to the disruption of the resonance

Raman process and subsequent vanishing of the

Raman peaks for few-layered InSe as illustrated in

Figure 4b.

Figure 5. Photocurrent response of InSemetal�semiconductor�metal photodetector. (a) Photoresponse spectra of 10 layer,
7�8 layer, and 3�4 layer samples. The red dash line separates the spectra into two parts: pz-orbital transition (right) and px,y-
obrital E1

0 transition (left). The black dashed line indicates the 514 nm E1
0 transition. As the number of layers decrease, the

photoresponse in the pz-orbital transition region is suppressed, while the px,y-obrital E1
0 transition experience a blue shift.

Inset to (a) shows the fit to the tail with a parabola suggesting that few-layered InSe is an indirect band gap semiconductor
with a band gap of 1.4 eV. Left part of (b) shows photoresponse with different bias voltage under 25 K and right part shows
photoresponse with different bias voltage under 250 K. Left part of (c) shows ratio between pz-peak to px,y-peak as a function
of bias voltage at different temperature. (red square: 25 K, green dot: 100K, blue triangle: 200 K). The red curve is fitting by
exponential function. Right part of (c) show the ratio between pz-peak to px,y-peak as a function of temperature at 2.5 V bias.
The black curve is fitting curve using the equation (*). (d) Current�voltage curve under dark and light conditions. Inset to (d)
shows the optical image of the device used for measuring the photodetector response. Excitation power was 2.5 mW/mm2

with a 532 nm laser that gives a responsivity of 34.7 mA/W and a quantum efficiency of 8.1%. The device shows a good linear
response as the light intensity changes (e) with a linear dynamic rang larger than 46.5 dB. The response time of the device is
measured from the decay curve (f) and gives a value of 488 μs.
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We also extracted the band gap of a multilayered

InSe from the shape of the measured photocurrent

spectra for a 10 layered device (see the black curve in

Figure 5a). It was difficult to extract band-gaps for

thinner layers (7�8 and 3�4) due to the lack of a clear

band-edge in the photocurrent spectra (the distribu-

tion of the density of electron states in thinner samples

will be discussed later in the manuscript). We obser-

ved that the photocurrent spectra decayed gradually

with increasing wavelength, suggesting that the few-

layered InSe has an indirect band gap. This is in sharp

contrast to a direct band gap semiconductor where the

photocurrent is expected to turn off sharply below the

band gap of thematerial. By assuming that the internal

quantum efficiency of photocurrent (Iph) is a constant

in the 700�800 nm range, the photocurrent is propor-

tional to the absorption in this wavelength range, i.e.,

Iph = R � d � η, where R is the absorption, d is the

thickness of the InSe flake, and η (quantum efficiency)

is a constant. For indirect band gap semiconductors

the following equation applies:

R� (E � Eg)
1=2

Therefore

Iph � (E � Eg)
1=2

(Here, we assume that the absorption rate 1 � e�Rd

can be expressed as Rd for thin films). By fitting the

spectrum edge, as shown in the inset of Figure 5a, we

extract a band gap of around 1.4 eV. This phenomenon

is similar to few-layered GaSe,36 but the strength of the

interlayer interaction is not as strong as GaSe, where, as

the number of layers decreases, the coupling due to

the pz-like orbitals vanishes, leading to an effective

band gap of 3.26 eV.36 Thus, the correlation between

resonance Raman spectroscopy and photoconductiv-

ity measurements allows us to track the changes in the

electronic band structure of InSe with decreasing

number of layers.

As mentioned above, for thinner samples (below

7 layers), we do not observe a clear band-edge. This

suggests that electronic density of states is much less

in thinner samples in the spectral region correspond-

ing to the z-band. The electron states in z-band trans-

form from a continuous energy band to localized and

isolated states due to the disappearance of interlayer

interaction. If this is true, then the contribution to

photocurrent due to the z-band should have a strong

temperature and bias dependence. Hence, to test our

hypothesis and understand the nature of the localized

states and electron�phonon interaction, we performed

temperature and bias dependent photocurrent mea-

surements on few atomic layered (seven to eight layers)

InSe flakes in MSM device geometry (see Figure 5b,c).

Figure 5b shows the bias dependence of the photo-

current spectra plotted as a function of excitation

wavelength at 250 and 25 K. The data clearly suggest

that the photocurrent contribution originating from the

xy-band and z-band behave quite differently as a func-

tion of bias voltage and temperature (the spectra are

normalized to the E1
0 peak in xy-band). At lower tem-

peratures (25 K), as we increase the bias voltage, the

relative intensity of photocurrent in z-band increases

dramatically in comparison to xy-band (see the left

panel of Figure 5b). The field dependence supports

the view that the states in z-bands are localized and a

large electrical field works to delocalize and dissociate

the electron�hole pairs50 converting them into free

carriers that contribute to the photocurrent. For tem-

perature (250 K, right panel of Figure 5b), the relative

intensity of z-band does not change appreciably with

increasing bias suggesting that a strong electron�

phonon interaction in z-band suppresses the overall

photocurrent. Toquantitatively estimate the localization

energy and electron�phonon interaction, we describe

below a model that provides an excellent agreement

with experimental results. Figure 5c captures the ratio

between z-band peak and xy-band peak as a function of

bias voltage (left panel of Figure 5c) and temperature,

respectively (right panel of Figure 5c).

To extract the electron localization energy, we con-

sider the photocurrent ratio measured for a tem-

perature of 25 K and ignore the higher temperature

photocurrent response to avoid the contribution from

phonon scattering. As can be observed (left panel

Figure 5c), the ratio (z-peak/xy-peak) increases sharply

as a function of bias voltage and begins to saturate for

biases >2 V. In the lower bias region, the photocurrent

ratio of z-peak to xy-peak can be expressed as a simple

exponential formula given by

ratio ¼ Re�(βV � j)=kT

where, R is coefficient for fitting, j refers to the

localization energy of electron in z-band, βV refers to

the ionization energy imposed by the applied electrical

field, and k is Boltzmann constant. This gives an ex-

cellent fitting to the data in the low bias region,

measured at 25 K and is shown by the red curve. We

extract an electron localization energy, j = 7 meV

suggesting that the electron excitation is localizedwith

a barrier height of 7 meV in z-band and the photo-

excited charge carriers can be delocalized by applying

a large enough electrical field.

We used the high field region (g2.0 V) to investigate

the electron�phonon interaction independent of the

electron localization effect under the assumption that

at high electric fields all of the electrons are delocalized

and merely the interaction between electron and

phonon dominates. Figure 5c (right panel) shows the

ratio of z-peak to xy-peak as a function of temperature

at constant bias voltage. To describe the behavior, we

build the following model. After the optical generation

and delocalization of electron�hole pairs by an elec-

trical field, two processes can happen: (a) photocurrent
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generation where the electron can recombine with the

hole through the external circuit or (b) recombination

process in which the electrons can get trapped back

into the localized state accompanying the emission or

absorption of a phonon. The recombination process

can be mathematically expressed as

dN

dt
¼ �

N

τph
¼ �ξNphN (1)

where ξ is the electron�phonon interaction coeffi-

cient, Nph is the number of phonons, and N is the

number of electrons. The photocurrent process can

also be treated as a carrier losing process and can be

expressed as

�
Iz-band

ε(T)
¼

dN

dt
¼ �

N

τef
(2)

ε(T) represents other thermal processes, such as

interband electron�hole recombination, etc., and

these processes have the same effects on both excita-

tions in the z-band and xy-band. τef is a time constant

describing the charge carrier propagating process and

can be express as

τef ¼
ηd

μE
¼

ηd2

μV
(3)

where, η is a constant, d is the spacing between

electrodes, μ is the mobility of electrons, E is the

electrical field, and V is bias voltage across electrodes.

Thus, the entire process by combining eqs 1�3 be

expressed as

dN

dt
¼ �

N

τef
�

N

τph
þ ζNhv (4)

where ζNhv is the number of electrons generated by

radiation. In the steady state, considering the Bose�

Einstein distribution of phonons, the photocurrent

intensity of the z-peak can be expressed as

IZ-band ¼ ε(T)ζNhv �
eEph=kT � 1

eEph=kT � 1þ
ξηd2

μV

(5)

Considering the photocurrent in the xy-band is also

proportional to ε(T), the ratio can be expressed as

ratio ¼
Iz-band

Ixy-band
� ζNhv �

eEph=kT � 1

eEph=kT � 1þ
ξηd2

μV

(6)

The above formula was applied to fit the ratio verses

temperature data under 2.5 V bias and is illustrated in

the right panel of Figure 5c. The black curve shows the

fitting and reveals Eph has value of 2�5 meV, which

corresponds to the in-plane E0 (16 cm�1, 2 meV) or/and

E00 (40 cm�1, 5 meV) vibrational modes,49which are out

of range for our Raman setup. From the above result

we conclude that, in the z-band, the localized electron

states are mainly effected by E0 or/and E00 phonons.

This is reasonable, as in 2D structure, electrons are only

allowed to have interactions with in-plane phonons

because of conservation of momentum. Meanwhile,

the barrier height of the localized state (7meV) is in the

same order of phonon energy, so that the conservation

of energy can be easily met. Considering that the loca-

lized states should have zero momentum, and the

momentum of the phonon involved in this process is

very small, it is instructive to speculate that the process

occurs near the center of Brillouin zone, i.e., Γ point.

We also measured the photodetector response

and critical figures of merit for a few layered InSe in

the visible region and the results are illustrated in

Figure 5d�f. These were collected from the device

(number of layers∼10) shown in the inset of Figure 5d.

Figure 5d shows the current�voltage curve of the

device with an effective exposure area of 23 μm2

measured in the dark and with a 532 nm laser with

an intensity of 2.5 mW/mm2. The dark current (Idk) is in

the order of 10 pA, which is at the detection limit of

the current amplifier used for our measurements. The

photocurrent is 2 nA with a 3 V bias, corresponding to

an on/off ratio of 200, a photoresponsivity ((Iph � Idk)/

light intensity) of 34.7 mA/W, and an external quantum

efficiency of 8.1%. The intensity response of InSe few-

layered flake MSM photodetector is shown in Figure 5e.

Up to 2.5 mW/mm2, the InSe few-layered MSM photo-

detector maintained a good linear response, with a

linear dynamic range (= 20 log (Iph/Idk)) larger than

46.5 dB. We also measured a response time of 488 μs

(Figure 5f), which is an order of magnitude faster than

that measured on MoS2.

These figures of merit suggest that few-layered InSe

is good for low noise photo detection in the visible

region. In comparison with GaSe (grown by vapor

phase transport) device having similar contact material

and device configuration, and measured under the

same experimental conditions,36 the photoresponsiv-

ity and quantum efficiency of InSe is higher and the

linear dynamic range is better.37 It also worth to notice

that the responsivity of InSe may be further improved

by improving the contact configuration,which has been

observed inMoS2 (from 0.42mA/W33 to 880A/W34) and

GaSe (from17mA/W36 to 2.8 A/W37). More importantly,

InSe has a smaller band gap than GaSe36 and MoS2,
51

hence, stronger visible light response, and at the same

time, the response speed of InSe device is much faster.

These intrinsic advantages make few layered InSe a

more promising material for ultrathin visible light

photodetection.

CONCLUSION

In summary, we provide a comprehensive study of

synthesis, characterization and optoelectronic applica-

tion of atomic layered InSe. Direct correlation between

resonance Raman spectroscopy and photoconductiv-

ity measurements allows us to systematically track the
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evolution of the 2D electronic band structure of InSe as

we approach few layers. Temperature-dependent photo-

current measurements and theoretical modeling sug-

gests that E0 and E00 phonon couple the localized elec-

tronic states arising from the pz-like orbitals. Further, we

demonstrate that few layered InSe has an extremely

strong photoresponse and is an excellent 2D material

for its incorporation as an ultrathin photodetector with a

high photoresponsivity of 34.7 mA/W and fast response

time of 488 μs. By optimization the contact with an

appropriate metal, the performance of few-layered InSe

photodetector may be further enhanced.

METHODS

Crystal Synthesis. The synthesis of bulk InSe crystal was
performed by using a nonstoichiometric melt of indium
(>99.99%, Alfa Aesar Co.) and selenium (>99.99%, Sigma-Aldrich
Co.). Indium and selenium were mixed with a molar ratio of
52:4846 and sealed in a quartz tube under vacuum (10�3 Torr).
The precursor was then heated to 685 �C, and the temperature
wasmaintained for 3 h to ensure a full reaction between indium
and selenium. Further, in accordance to the phase diagram of
In�Se system,47 the temperature was increased to 700 �C and
maintained for 3 h to form a uniform InSe melt. The melt was
then cooled down to 500 �C at a ramp rate of 10 �C per hour,
followed by natural cooling to room temperature in 6 h to
achieve InSe crystals with high quality.

Photoconductivity Measurement. The photoconductivity was
performed in Janis probe-station with liquid helium cryo-stat.
For I�V measurement, a 532 nm laser with a beam size of
0.5 mm diameter was applied to the device, and the I�V curve
was measured with Keithley 2400. For spectrum measurement,
the light emerging frommonochromator (Newport CornerStone)
was led to the sample bymultimode optical fiber. Thedevicewas
powered by Keithley 2400 and current (spectrum) were recorded
by oscilloscope after amplified by low-noise current preamplifier
(Stanford Research System). The spectrumwas normalized to the
number of photos.

For time-resolved measurement, the 532 nm laser was
modulated by an acoustic optical modulator with a square
wave at 500 Hz and then was shined onto the sample. The
current output by the device was sent to low-noise current
preamplifier before recorded. The current amplifier was set with
a DC coupling mode and a bandwidth of 10 kHz.
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