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 The discovery of single-atomic layer graphene [  1  ]  has led to a 
surge of interest in other anisotropic crystals with strong in-
plane bonds and weak, van der Waals-like, inter-layer coup-
ling. [  2  ]  A variety of two-dimensional (2D) crystals with high 
crystalline quality and stable properties under ambient con-
ditions have been investigated recently. These include layers 
of large band gap insulators [  3  ]  such as boron nitride [  4  ]  and 
oxides, [  5  ]  and materials with smaller band gaps such as tran-
sition metal dichalcogenides [  6,7  ]  (e.g., MoS 2 , MoSe 2 , WS 2 ) and 
III–VI compounds (e.g., GaS and GaSe). [  8  ]  Interest in these sys-
tems is motivated partly by the possibility of combining them 
with graphene to create 2D electronic devices, e.g., fi eld effect 
transistors with high on-off switching ratios [  9,10  ]  and memory 
cells. [  11  ]  More importantly, material systems with strong radia-
tive recombination, specifi c dielectric properties, a band gap 
that can be adjusted by changing the layer thickness could offer 
opportunities for innovative device architectures in nanoelec-
tronics and optoelectronics. [  5,12,13  ]  

 Here we report the successful exfoliation of thin layers of 
  γ  -rhombohedral InSe, which is a semiconductor with a direct 
band gap and anisotropic electronic properties. [  14–22  ]  We dem-
onstrate strong quantum confi nement effects in these fl akes, 
which have thickness  L  down to a few nanometres. The fl akes 
are optically active at room temperature, in the technologically 
important near-infrared spectral range between 1 and 0.8  μ m, 
thus offering unique opportunities for planar device archi-
tectures and near-infrared optical sensing. In particular, we 
show that the near-band edge photoluminescence (PL) peak 
and absorption-induced photoconductivity undergo a strong 
blue-shift to higher photon energies with decreasing  L , con-
sistent with 2D quantum confi nement of photo-excited car-
riers by atomically fl at interfaces; we observe a quenching of 
the PL signal in the thinnest fl akes ( L  < 6 nm), which points 
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to a direct-to-indirect band gap crossover and contrasts with 
the indirect-to-direct band gap transition previously reported 
for transition metal dichalcogenides as the fi lm thickness is 
decreased. [  6,23,24  ]  Also, we show that the quantum confi nement 
energies for the direct exciton in these InSe nanofl akes are one 
order of magnitude larger than those reported in other III–VI 
compounds, such as GaSe. [  25  ]  

 Our samples are prepared from bulk Bridgman-grown crys-
tals of   γ  -rhombohedral InSe. As shown in  Figure   1 a, the primi-
tive unit cell of  γ -InSe has a lattice parameter  c  = 24.961 Å 
(along the  c -axis) and contains three layers, each consisting of 
four closely-packed, covalently bonded, monoatomic sheets in 
the sequence Se-In-In-Se. Within each plane, atoms form hexa-
gons with lattice parameter  a  = 4.002 Å. The cleaved facets of 
InSe layered crystals are atomically smooth and contain a low-
density of surface states. [  26–28  ]  The layers interact by weak van 
der Waals forces, resulting in anisotropic mechanical proper-
ties. Thin fl akes of InSe from about 1 to 10 3   μ m 2  in size were 
prepared from as-grown InSe crystals by mechanical exfoliation 
with adhesive tape. They were then deposited on various sub-
strates (silicon oxide/Si, glass or mica) and immersed in ace-
tone to remove the tape residuals.  

 Figure  1  shows AFM (Figure  1 b) and optical (Figure  1 c) 
images, and height  z -scans (insets of Figure  1 d,e) of a typical 
thin exfoliated fl ake on a silicon oxide/Si substrate. InSe layers 
of different thickness  L  (down to ≈4 nm) and single monolayer 
steps (≈1 nm) were identifi ed by AFM. Room temperature 
( T  = 300 K)  μ PL maps and corresponding  μ PL spectra of rep-
resentative fl akes are shown in Figure  1 d,e and  Figure   2 . The 
near-band edge PL peak is centred at around  hv  = 1.25 eV for 
as-grown bulk crystals and for  L  > 15 nm. With decreasing  L , 
the PL emission exhibits a strong blue-shift to high photon 
energies up to 200 meV (Figure  2 a and  Figure   3 a), consistent 
with planar quantum confi nement of photo-excited carriers 
by the external surfaces of the fl akes. Concurrently, when  L  
decreases below  ∼ 10 nm, the PL intensity decreases by a factor 
of >10, which is signifi cantly larger than that expected from a 
reduction in the amount of luminescent material (Figure  2 a,b), 
and the full width at half maximum ( W ) of the PL emission 
broadens by a factor of 2 (Figure  3 b). The Raman spectra of 
the InSe nanofl akes and bulk crystals reveal the characteristic 
Raman peaks expected for   γ  -rhombohedral InSe. [  29  ]  The Raman 
signal intensity falls as expected due to a reduction in  L  of the 
absorbing material (see Supporting Information), in contrast 
to the PL intensity, which decreases by a greater factor when 
 L  < 10 nm (Figure  2 b).   
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 5714–5718
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      Figure 1.  a) Crystal structure of  γ -rhombohedral InSe. b) AFM and c) optical images of exfoliated InSe fl akes on a silicon oxide/Si substrate. d,e) AFM 
 z -profi les (insets) and confocal  μ PL maps at  T  = 300 K. The maps were obtained by plotting the  μ PL intensity at specifi c photon energies d)  hv  = 1.42 eV 
and e) 1.26 eV (laser power  P  = 0.1 mW and laser wavelength   λ   = 633 nm). The images show nanometer thick layers A and B with  μ PL emission centred 
at  hv  =1.42 eV and 1.26 eV, respectively. The AFM  z -profi les were obtained along the dotted lines shown in (b). 
 The PL emission of these exfoliated samples persists for sev-
eral weeks when they are left in air, indicating their high chem-
ical stability. Also, our photoconductivity measurements on 
planar diodes based on thin InSe fl akes (down to 10 nm) show 
that the photoresponse of InSe is not impaired by the exfolia-
tion procedure. In the absence of light, both the InSe as-grown 
crystals and fl akes were found to be highly resistive with resis-
tivity values of   ρ   > 10  Ω cm at room temperature, as measured 
by a standard two-probe method and under electric fi elds of up 
to  ∼ 1 kV cm –1 . As shown in  Figure   4 , the room temperature 
photocurrent spectrum for the thin InSe fl ake (continuous line, 
 L  = 10 nm) reveals an absorption edge at photon energies  hv  ≈ 
1.4 eV. The spectrum is blue-shifted by  ∼ 200 meV relative to 
the spectra of thicker fl akes (dotted line,  L  = 75 nm) and of the 
as-grown InSe (dashed line), thus confi rming strong 2D carrier 
confi nement.  

 Figure  3 a shows the results of PL and AFM measurements 
on more than 100 fl akes, giving us the dependence of the band-
to-band direct edge transition energy, E2D  , on the fl ake thick-
ness  L . We model this dependence using a square quantum 
well potential of infi nite height, i.e.

E2D = Eg − Eb + B 2
�

2/ 2L 2: //c
  

(1)
      

where Eg   = 1. 2635 eV and Eb   = 0.015 eV are the direct band 
gap energy and exciton binding energy in bulk InSe at  T  = 
300 K, respectively, [  30  ] : // c = (1 /me

// c + 1/mh
// c )−1  = 0.054 me   is the 

exciton reduced mass, as derived from the measured values of 
the electron ( me

//c   = 0.08 me  ) [  18  ]  and hole ( mh
//c   = 0.17 me  ) [  19  ]  

masses for motion along the  c -axis, and me   is the electron mass 
in vacuum. As shown in Figure  3 a, the calculated E2D  ( L ) curve 
© 2013 WILEY-VCH Verlag GAdv. Mater. 2013, 25, 5714–5718
(continuous line) describes well the measured values of the PL 
peak energy. The scatter in the individual data points from the 
calculated curve indicate that the real confi nement potential 
may differ from the hard wall potential assumed in our simple 
model. In particular, carriers can be confi ned within an InSe 
layer of effective thickness that is smaller than that measured 
by AFM due to a thin surface fi lm into which the carrier wave 
functions do not penetrate. Such a fi lm can originate from the 
native oxidised surface layer that forms in as-grown InSe as a 
result of the chemisorption of water and oxygen molecules on a 
low density of dangling bonds on the InSe surface. [  17  ]  

 The thinnest InSe fl akes identifi ed by PL have a thickness 
 L  ≈ 6 nm, which corresponds to a 7-monolayer InSe nanofl ake 
and to a room temperature PL emission peaked at  E  2D  = 1.44 to 
1.47 eV. Although thinner InSe fl akes were measured by AFM, 
no PL signal was detected in these layers. In spite of variations 
from fl ake to fl ake, the quenching of the PL at small  L  (<6 nm) 
is always observed, see Figure  2 a,b. We attribute the strong 
decrease of the PL signal in the very thin fl akes to a direct-to-
indirect band gap crossover analogous to that induced in bulk 
 γ -InSe by hydrostatic pressure [  19,20  ]  or in InSe nanoparticles by 
quantum confi nement. [  31,32  ]  For the case of InSe nanoparticles, 
the intensity of the PL emission is dependent on the nanopar-
ticle size due to the combined effects of the carrier confi nement 
along the  c -axis ( z -axis) and in the  xy -plane. [  31–33  ]  Fluorescence is 
observed in small nanoparticles (<5 nm). Larger nanoparticles 
are non-fl uorescent as confi nement along the  c -axis becomes a 
dominant effect, leading to a reversal in the direct and indirect 
optical transitions. [  31,32  ]  In our two-dimensional  γ -InSe fl akes, 
quantum confi nement along the  c -axis due to the small values 
of  L  acts to shift the conduction band (CB) minimum at the 
5715wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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      Figure 2.  a) Typical  μ PL spectra of InSe layers at  T  = 300 K with peak 
energy strongly dependent on the layer thickness  L  ( P  = 0.1 mW and 
  λ   = 633 nm). The inset schetches the PL emission from fl akes of different 
thickness  L . b)  L -dependence of the peak intensity of the  μ PL emission. 
The line describes the decrease in PL intensity that would be expected 
from a reduction in the amount of luminescent material with decreasing  L . 

      Figure 3.  a) Measured dependence of the peak energy of the  μ PL emis-
sion,  E  2D , on the thickness  L  of the InSe layer at  T  = 300 K. The contin-
uous line shows the calculated dependence of the exciton recombination 
energy for a quantum well of width  L . The horizontal arrow shows the 
energy  E i   of the indirect gap between the valence band maximum at  Z  
and the conduction band minimum at  B  (see insets for the sketch of the 
direct and indirect gap, the fi rst Brillouin zone of bulk  γ -InSe). b) Meas-
ured (symbols) and calculated (line) values of the PL full width at half 
maximum,  W , versus  L . The inset illustrates the roughness of the InSe 
quantum well layer. 
Z-point of the Brillouin zone towards the upper B-minimum, 
the latter being less sensitive to quantum confi nement owing 
to its larger electron effective mass, see inset in Figure  3 a. The 
intersection between the calculated  E  2D ( L ) curve and the energy 
of the indirect band gap ( E  i  = 1.54 eV) [  19,20  ]  suggests that the 
direct-to-indirect gap crossover occurs at a critical layer thick-
ness  L  = 5 nm (see Figure  3 a), consistent with the quenching of 
the PL signal observed in our InSe nanosheets with  L  < 6 nm. 

 Our observations point towards a phenomenology which 
differs markedly from that reported for exfoliated MoS 2  and 
other transition metal dichalcogenides; in those materials, 
the intensity of the band-edge PL emission undergoes an 
abrupt increase when the fl ake thickness is reduced to a few 
monolayers owing to a crossover from an indirect-to-direct 
gap semiconductor. [  6,23,24  ]  Also, for transition metal dichalco-
genides, the energy of the direct excitonic transition remains 
approximately constant (≈1.8 eV) as the thickness of the fl ake 
is varied. By contrast, for our InSe nanosheets the blue shifts of 
the PL emission energy are signifi cant (up to about 200 meV), 
5716 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
thus providing a means of tuning the absorption and emission 
of the fl akes in the near-infrared spectral range not reported 
before for similar anisotropic crystals. The quantum confi ne-
ment energies are also larger than those measured in other 
direct gaps III–VI compounds, such as GaSe, where decreasing 
 L  down to  ∼  2 nm blue-shifts the PL emission by only 20 meV. [  25  ]  
These observations reveal much stronger quantum confi nement 
effects in InSe due to the smaller band gap ( Eg   = 1.2635 eV) 
and exciton reduced mass (: // c  = 0.054 along the  c -axis). This 
also causes a stronger sensitivity of the carrier recombination to 
the small roughness of the layers, as discussed below. 

 Our AFM images indicate that our exfoliated fl akes are 
almost fl at on the atomic scale with an average surface rough-
ness of about one monolayer (  δ   1  =  c /3 = 0.832 nm) along the 
 c -axis (as determined by the standard deviation of the surface 
height distribution). However, the  μ PL studies show a system-
atic increase of the spectral linewidth of the PL emission with 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 5714–5718
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      Figure 4.  Photoconductivity spectra of two-terminal Ti/Au/InSe devices at 
 T  = 300 K ( P  = 10 −3  W cm –  2 ). The spectrum for the InSe fl ake with  L  = 10 nm 
(continuous line) is shifted to high energy relative to that for the as-grown 
InSe crystal (dashed line) and for the fl ake with  L  = 75 nm (dotted line). 
The inset is an optical image for the InSe fl ake with  L  = 10 nm. 
decreasing  L  below 15 nm, see Figure  3 b. To explain the optical 
broadening, we note that in quantum wells whose thickness is 
comparable with the exciton Bohr radius,  a  ex , the PL emission 
depends on the uniformity of composition and abruptness of 
the interfaces. We quantify the spectral linewidth by using a 
simple statistical model of the exciton PL emission [  34  ]  that con-
siders the roughness of the layers and the dependence of the 
exciton recombination energy E2D   on  L . We assume that the 
two interfaces of the fl ake are comparable in quality, that the 
well width fl uctuates by one monolayer (  δ   1 ) around its mean 
value  L  and that the roughness consists of islands with thick-
ness  L ±  δ   1 , which have the same concentration and average 
lateral size   δ   2 . Hence we can describe the contribution of the 
interface roughness to the linewidth (full width at half max-
imum) as

WR =
√

2.8
4

*2

aex
(�+ + �−)

  
(2)

      

where �± = *1(∂ E2D/∂L )L±*1
 . [  34,35  ]  Our model assumes a 

constant contribution to the linewidth (64 meV) from electron-
phonon scattering and other disorder-related broadening effects 
that we have assumed to be independent of  L . The calculated 
value of  W  R  increases monotonically with decreasing  L  and 
reproduces the measured data if we take the typical scale of the 
roughness *2  to be comparable to the exciton Bohr radius, i.e. 
*2/ aex = 1.4 ± 0.6, see Figure  3 b. For aex =  8.6 nm, this gives 
*2 =  12 ± 5 nm. [  36  ]  The good agreement between the model and 
experiment provides evidence for the strong carrier quantiza-
tion and for the role of even a small degree of interface rough-
ness on the PL linewidth of thin InSe fl akes ( L  < 15 nm). 

 In conclusion, we have shown that the energy position 
and linewidth of the excitonic recombination in mechanically 
exfoliated Bridgman-grown crystals of  γ -rhombohedral InSe 
can be well reproduced using an effective mass model of the 
quasi-2D carriers confi ned by the surfaces of the fl akes. The 
quantization effects observed in InSe are much stronger than 
those previously reported in other van der Waals crystals, e.g., 
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 25, 5714–5718
MoS 2 , are also qualitatively different as they lead to a crossover 
from a direct-to-indirect gap when the thickness of the layers 
is reduced to a few nanometers ( L  ≈ 5 nm) compared to the 
indirect-to-direct crossover found in transition metal dichalco-
genides. 2D InSe fl akes offer several advantages compared to 
0D InSe nanocrystals and other III–VIs: the nanofl akes emit 
at room temperature, the thickness of the fl ake can be used to 
tune the absorption and emission in the technologically mid-
infrared spectral range between 1 and 0.8  μ m, the fl ake mor-
phology is compatible with 2D electrodes. Thus these results 
should stimulate not only theoretical and experimental studies 
of the band structure of InSe nanosheets in the regime of 
strong quantum confi nement, but also the use of InSe in 
planar 2D device architectures and novel band structure engi-
neered devices.  

  Experimental Section 
 The bulk InSe crystals were studied by X-ray diffraction (XRD) using a 
DRON-3 X-ray diffractometer in a monochromatic Cu-K α  radiation of 
wavelenght   λ   = 1.5418 Å. The XRD data revealed that the InSe crystals 
had   γ  -phase structure with lattice constants  a  = 4.002 Å and  c  = 24.961 Å. 
Images of the InSe fl ake topography were acquired by atomic force 
microscopy (AFM) in non-contact mode under ambient conditions. The 
experimental set-up for  μ PL and Raman measurements comprised a He–
Ne laser (  λ   = 633 nm), an XY linear positioning stage, an optical confocal 
microscope system, a spectrometer with 150 and 1200 groves/mm 
gratings, equipped with a charge-coupled device and a liquid-nitrogen 
cooled (InGa)As array photodetector. The laser beam was focused to a 
diameter  d  ≈ 1  μ m using a 100× objective and the  μ PL spectra were 
measured at low power ( P  < 0.1 mW) to avoid lattice heating. For the 
photoconductivity studies, we fabricated two-terminal planar devices 
on silicon oxide/Si substrates. Metal electrodes (3 nm Ti/30 nm Au) of 
width  w  = 2.4  μ m separated by a distance  s  = 0.6  μ m were deposited 
by electron beam lithography on the thin InSe fl akes. Light from a 
250 W quartz halogen lamp, dispersed through a 0.25 m monochromator 
(bandwidth of ≈10 nm) and modulated with a mechanical chopper, was 
focused onto the diodes ( P  ≈ 10 −3  W cm –2 ). The photocurrent signal was 
measured using a standard lock-in amplifi cation technique.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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