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FIG. 3. Effective barrier height ¥, for a planar doped barrier structure vs
half of the device length L at 300 K. Solid line = analytical solution [Eqs.
(9a) and (9b)], dashed line = geometric model {Eq. (2)], dotted line in part
(a) = analytical solution for a n-i-n structure (Q, = O),and € = 1.14x 10~ 1°
F/m,N; = 10¥ m~>,

n-MoSe,/p-WSe, heterojunctions

over from the n* regions is dominant and the barrier height
is much closer to that for the n-i-n structure* than to the
value predicted by the geometrical model. At large values of
@, and at 77 K the solution is more similar to that given by
Eq. (2). However, the difference is still important because of
the exponential dependence of the current through the struc-
ture on the barrier height.

The obtained results have important implications for
the design of the planar doped barrier diodes' and transis-
tors.? Equations (9) and (12) should be used in the design of
these devices {instead of Eq. (2)} to account for the effects of
the electron spill over on the barrier height.

This work has been partially supported by the Micro-
electronics and Information Sciences Center at the Universi-
ty of Minnesota.
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The preparation of n-MoSe,/p-WSe, heterojunctions by epitaxial growth of WSe, (E, = 1.16 ¢V)
on MoSe, (E, = 1.06 eV) substrates is reported. The two semiconductors are nearly lattice
matched along their hexagonal (001) base plane with Aa/a = 0.25%. Diode capacitance-voltage
measurements show that the band edges of MoSe, and WSe, are aligned within ~0.1 eV. The
diode forward current at room temperature is carried by recombination in the depletion region.

We report a structure- and almost precisely lattice-
matched heterojunction between two layered transition met-
al chalcogenide semiconductors. Both MoSe, and WSe,
crystallize in the hexagonal MoS,-type structure. The lattice
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parameter « in the plane of the (001) layers is 3.288 A for
MoSe, and 3.280 A for WSe,; the parameter c, perpendicular
to the plane, is 12.900 A and 12.950 A, respectively.' Thus
the linear mismatch Aa/a for the (001) interface is only
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0.25%. The lowest energy band gaps are indirect for both
semiconductors. They lie between 1.06 and 1.12 eV for
MoSe,>? and between 1.16 and 1.22 eV for WSe,*? at room
temperature. The energies of the lowest direct gaps have
been reported as 1.35 eV for both MoSe, and WSe,.*

We prepared the MoSe,/WSe, structures by epitaxial
growth of p-WSe, layers on n-MoSe, substrate crystals.

The MoSe, single crystal substrates were grown from
polycrystalline MoSe,. The polycrystalline material was
synthesized from molybdenum powder {99.99% wt. % pure)
and sefenium shot (99.999% wt. % pure). The elements were
mixed, sealed in an ampoule of fused quartz, and heated to
600 °C for three days. The resulting MoSe, was remixed and
again heated to 1000 °C for four days to ensure homogeneity.
The single crystals were grown by vapor transport in sealed
ampoules. MoSe, powder plus 15 mg of Se per cm® of am-
poule volume were distributed uniformly over 15-20 cm
long ampoules. Se is the transport agent. The growth am-
poule was encased in an outer ampoule. MoSe, crystals grew
along the entire ampoule which was kept in a temperature
gradient going from 1000 to 1070 °C. Within ten days, up to
100 m thick and 1-2 cm? large platelets formed. At295K a
typical crystal had a resistivity of 2.5 §2 cm, a Hall mobility
of 70 cm™?>V~'s™!, and a free-electron concentration of
3.5x 10" cm™>. These values are similar to others reported
in the literature.’

High-purity polycrystalline WSe, was prepared and epi-
taxial WSe, films were grown as described earlier.® For the
growth of heterostructures in closed ampoules, MoSe, sub-
strates were suspended from slots made in a fused quartz
liner that was positioned in the colder half of the ampoule.
The temperature along the ampoule ranged from 1060 at one
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FIG. 1. Current-voltage characteristics of a 3.5 mm? n-MoSe,/p-WSe, he-

terodiode at six temperatures between 180 and 295 K. The indices denote
the diode quality factor n.
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end to 1070 °C at the other. The WSe, source powder and the
Se transport agent were distributed uniformty along the am-
poule. For a determination of the average film thickness the
MoSe, substrates for two runs, of 38 and 90 h duration, were
weighed before and after growth. Depending on the back-to-
back or exposed positions of the MoSe, substrates, WSe,
grew on one or on both sides. The weight increase was about
0.5 mg per hour and cm” substrate area, and proportional to
the duration of growth. The WSe, film growth did not de-
pend on the substrate position within the ampoule. The di-
odes incorporated 10-50-um-thick WSe, films.

The epitaxial structure of the WSe, overgrowth is imme-
diately apparent from the orientation of steps and ledges of
the WSe, films which are paralie! to the edges of the charac-
teristic raised or depressed hexagonal pyramids of the MoSe,
substrate.

An 11-um-thick WSe, layer was cleaved off the epitaxial
overgrowth for a determination of its electrical characteris-
tics. The thermal voltage indicted p-type conduction. At
room temperature the four-point resistivity was 8.3 {2 cm,
the Hall mobility 270 cm~2 V! s~!. The Hall mobility is
typical for single crystals,’” but the net carrier concentration
and conductivity of bulk crystals usually are 5 to 10 times
higher than our values. It is not clear to which extent the low
carrier concentration results from the growth process or
from the cleaving.

For the fabrication of diodes, a WSe,/MoSe,/WSe,
structure was first cleaved along a plane in the MoSe, sub-
strate to expose the latter. Then 2-4 mm? pieces were isolat-
ed. These operations were carried out with a scalpel under a
stereomicroscope. No chemical etch has yet been identified
that could be used for the fabrication of mesa structures. A
eutectic Ge-In alloy was employed as the contact meta} to
the n-type MoSe,, silver paste to the p-type WSe,, and Au
lead wires for both. The diodes were characterized via their
current-voltage (I-¥) characteristics at $180-295 K, their
room-temperature capacitance-voltage (C-}") characteristics
at | kiHz-1 MHz, and their photoresponse.

The diodes exhibit much better rectification than »n-
WSe,/p-WSe, (Ref. 7) or n-ZrS,/p-WSe, (Ref. 6). However,
they are not ideal. At room temperature, the reverse leakage
currents at 1 V lie between 10™° and 10~> A. The diode
quality factor 7 ranges from 6 to 2.5 at around 200 K, to 2 at
room temperature, Figure | displays the log I vs V charac-
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FIG. 2. 1/C?vs Vcharacteristics of the diode of Fig. 1at 1, 10, and 100 kHz.
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FIG. 3. Energy-band structure of the n-MoSe,/p-WSe, heterojunction.
MoSe: N, — N, =3.5X10%cm™3; WSe,: N, — N, = 44X 10% cm~2,

teristics of one of our best diodes, for a range of tempera-
tures. At 290 K, n = 2. This value reflects recombination-
controlled carrier transport. As the temperature is lowered,
n rises to 2.9 at 180 K, suggesting the transition to another
mechanism which we have not identified. A plot of
log I(V = 0), extrapolated from the linear portions of the
log I-¥ curves, vs 1/T results in activation energies ranging
from 0.5 eV for the low-temperature points to 1 eV for high
temperature. Because the forward conduction mechanism
does change over the measured temperature range, these val-
ues cannot be considered reliable measures of the built-in
voltage. The 1/C 2 vs ¥ characteristics for 1, 10, and 100 kHz
are plotted in Fig. 2. The dispersion of the capacitance pro-
vides an indication for bulk and interface defects. With the
100 kHz data likely to be the least affected, we took these to
obtain the density of ionized defects and the built-in voltage
Vi = 0.7 V. Using reiative dielectric constants in the (001)
direction of 4.8 for MoSe, {Ref. 8) and of 4.2 for WSe,,”'° the
width of the space charge at ¥ = 0 is calculated at 0.29 um.
The net acceptor density is 4.4 X 10" cm ™. We assume that
the p-WSe, is not compensated, and that the acceptors are
fully ionized at room temperature. Then the density of ion-
ized defects derived from the C-¥ measurement suggests
that the junction space charge extends mainly, namely, 0.26
pm, into the WSe, layer and only 0.03 um into the MoSe,.
We can construct the band diagram of the heterojunction
after calculating the Fermi level positions E in the bulk of
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the two partners. The effective electron and hole masses m*
are assumed to be equal at the " point.''~'? Therefore, we set
m*MoSe,) = m}WSe,) =m, (Ref. 14) and then use
N.(MoSe,) = N,(WSe,) = 2.54x 10" ¢cm™* for the effec-
tive densities of states at 300 K. With (E, — E) for
MoSe, = 0.17 eV and (Ex — E,} for WSe, = 0.22 eV and
using V,; = 0.7 V, we establish the band diagram of Fig. 3.
We assume the band-gap energies of 1.06 eV for MoSe, and
1.16 eV for WSe,.? The built-in voltages are 0.07 V on the n-
MoSe, side and 0.63 V on the p-WSe, side. The conduction-
band discontinuity at the interface, E_(WSe,) — E,(MoSe,),
is 0.07 eV and the valence-band discontinuity is — 0.03 eV.
In view of the identical crystal structure and the chemical
similarity it is not surprising to see the band edges of MoSe,
and WSe, almost exactly aligned.

When illuminated from the WSe, side with a tungsten-
halogen lamp at about 100 mW cm™? this diode produced
an open circuit voltage of 0.22 V.

The n-MoSe,/p-WSe, diode characteristics clearly are
superior to those of the #-ZrS;/p-WSe, diodes reported ear-
lier.® This is a surprising result. It suggests that lattice match
is necessary even across the van der Waals bonded interfaces
of junctions between layered chalcogenides. However, the
evidence cannot be considered definitive until means for di-
ode fabrication can be found that will not require mechanical
cutting which is likely to damage the semiconductor.

We acknowledge the support of this work by the Federal
Minister of Research and Technology under the program
“New Sources of Energy,” BMIT contract No. 03E-4474-A.
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