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The electron energy band alignment of a metal-oxide-semiconductor tunnel field-effect transistor
heterojunction, W/Al,03/InGaAs/InAs/InP, is determined by internal photoemission spectroscopy.
At the oxide flat-band condition, the barrier height from the top of the InGaAs/InAs valence band
and the top of the InP valence band to the bottom of the Al,O3 conduction band is determined to be
3.5 and 2.8 eV, respectively. The simulated energy band diagram of the heterostructure is shown to
be consistent with the measured band alignments if an equivalent positive charge of
6.0 x 10'"?cm ™2 is present at the Al,Os/InGaAs. This interface charge is in agreement with
previously reported capacitance-voltage measurements. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3692589]

The tunneling field-effect transistor (TFET) has been
attracting increasing attention due to its potential to reduce
power dissipation in integrated circuits by lowering supply
voltage." For ITI-V semiconductor TFETS, both simulations®~’
and experiments®'” have shown that on-state currents exceed
what is possible in Si TFETs. It is important in III-V hetero-
junction TFET design to have reliable knowledge of the band
alignments and flat band voltages, which determine the on-
state current and threshold voltage. Internal photoemission
(IPE) has been shown as an excellent technique to character-
ize the band alignment of simple metal/oxide/bulk-semicon-
ductor structures.'® 2! In this letter, we report the use of IPE
to determine the alignment of multiple bands at buried interfa-
ces in a complex metal/oxide/semiconductor-heterojunction.
In particular, a complex n-type TFET structure of W/Al,O5/
InGaAs/InAs/InP is characterized by IPE, and the flat-band
voltage and barrier offsets are extracted.

The sample structure and the setup of the IPE measure-
ment are shown schematically in Fig. 1. The semiconductor
heterojunction was grown by molecular beam epitaxy
(MBE) with the following layer structure, starting from the
p" InP substrate: 300nm p* InP with doping 5 x 10" cm ™,
12nm p* InP with doping 1.2 x 10'?cm™>, and 6nm n"
In,Ga,_,As (x is graded from 1.0 to 0.53)/9nm n*
Ing.53Gag 47As with a Si doping of 1x10”cm™. A 7nm
Al,O5 gate dielectric was grown by atomic layer deposition
(ALD) using trimethylaluminum and water at 300 °C, fol-
lowed by a 10nm tungsten (W) sputter deposition which
serves as the semitransparent electrode for the IPE measure-
ments. The photocurrent was measured as a function of pho-
ton energy from 1.5 to 5.0eV with applied gate bias, Vg,
from —1.0V to 1.0V in steps of 0.1 V. The IPE yield was
calculated as the ratio of the measured photocurrent to the

“Electronic mail: nhan.nguyen@nist.gov.

0003-6951/2012/100(11)/000000/4/$30.00

100, 000000-1

incident light flux. Further details of the measurement setup
can be found elsewhere.?'

The oxide flat-band voltage, Vgp, occurs at the voltage
where the photocurrent switches direction from positive to
negative’® and is found to be —0.1V with the substrate
grounded. The band offsets of the semiconductors relative to
the oxide are determined by the cube root of IPE yield versus
photon energy'® at positive gate bias V. The electric field
across the oxide is toward the semiconductor and equal to the
ratio of the voltage dropped in the oxide and the Al,O5 thick-
ness. The difference between the externally applied voltage
Vi and Vip is the total voltage drop in Al,O3 and InGaAs (the
drop in InP is relatively small and was neglected). From the
dielectric constants and layer thickness of Al,O5; and InGaAs,
we found the voltage drop in the Al,O3 is ~63% of the total
drop. Therefore the field used in Fig. 3 (Schottky plot) was
obtained by 63% of (Vs — Vip)/AlLO; thickness. Note that
the flat-band condition for the metal-oxide-semiconductor het-
erojunction structure only indicates that the electric field in
the oxide is zero and the energy band in the oxide is flat.

l l l hy  [a00mma
10 nm W G)
7 nm AlLO;
9 nm n°In, 55Ga, 5,AS ! T
6 nm graded n1nGaAs o ——
pinP S =T

FIG. 1. (Color) Schematic of the IPE measurement of an InGaAs/InAs/InP
TFET discussed by Zhou (see Ref. 17).

© 2012 American Institute of Physics
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FIG. 2. (Color) (a) Cube root of the IPE yield as a function of photon energy
for different gate bias. (b) Imaginary part (&) of the pseudodielectric func-
tion of Ing 53Gag 47As (black, see Ref. 20), InAs (red), and InP (blue), meas-
ured by spectroscopic ellipsometry of bulk semiconductors. (¢) Penetration
depth (1/x) vs. photon energy for InP, Ing 53Gag 47As, InAs, and W (see Ref.
23). For InP, Ing 53Gag47As and InAs, « is calculated by 47k/., where k is
the extinction coefficient, measured as a function of the wavelength /1 by SE
for bulk materials. The uncertainty of the barrier height (®) value deter-
mined by extrapolating linear fit to Yield"” to zero-yield is estimated to be
2% to 3%. (d) Square root of the IPE yield (dashed curve) vs. photon energy
when electron emitted from the W metal (negatively biased) and yield cube
roots for thin (solid curve) and much thicker (dotted curve) InGaAs when
photoelectrons emit from the substrate (when the W metal is positively
biased).

Two field-independent dips in the yieldl/3 plot (Fig.
2(a)) are observed between 3 and 3.2eV and between 4.5
and 4.8eV. By comparing the yield" plot with the imagi-
nary part (¢,) of the pseudodielectric function determined by
spectroscopic ellipsometry (SE) for lattice-matched InGaAs
(black), InAs (red), and InP (blue) (Fig. 2(b)), it is found that
the two dips in the yield” 3 plot coincide with the critical
points E; of InP (near 3.2eV) and E, of InGaAs (near
4.5eV). These critical points correspond to the direct optical
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transition from LX_; to Lg in the Brillouin zone of InP and the
X5 critical point final state transition in the X crystal momen-
tum of InGaAs, respectively.”?

The appearance of these critical points is indicative of
the origin of the photoelectrons. It can be thus inferred that
at lower energy (<3.2¢eV), the photo-excited electrons origi-
nate from the InP layer and at a higher photon energy, com-
ing from InGaAs. This spectral separation of excitation is a
result of the difference in light penetration depth as shown in
Fig. 2(c) for InP, Iny 53Gag 47As, InAs, and W.2 It is obvious
that below ~3.2eV the light reaches InP since the InGaAs
layer is only 15 nm, whereas above 3.2eV the light is com-
pletely absorbed in InGaAs layer. Therefore, the yield]/ 3 plot
in Fig. 2(a) should show responses in the graded InGaAs
layer, the InGaAs layer, and InP near the heterojunction. The
complexity of the band alignment of the heterojunction
between InGaAs and InP gives rise to a few possible photo-
emission processes over the Al,O; layer. The main emissions
include the photoelectrons excited (i) from the InGaAs con-
duction band (CB), (ii) from InGaAs valence band (VB), and
(iii) from InP valence band (all to the Al,O5; conduction
band). Naturally process (i) which is a smaller threshold may
occur in the experimental photon energy range. However,
since the effective density of states in the conduction band of
InGaAs is more than 30x lower than that in the valence
band (see Table I), the electron density in the conduction
band in InGaAs could be much smaller as compared to the
valence electrons which are abundantly ready to be excited
from the valence band, the experimentally observed photo-
currents are mainly originated from the valence band of the
process (ii) and (iii). Furthermore, if the process (i) was
experimentally observed, it could have given rise to a photo-
emission tail below the process (ii) threshold. However, as
shown in Fig. 2(d), only one threshold was observed with
thicker InGaAs layer (dotted line), which should be the pro-
cess (ii). Therefore, only process (ii) and (iii) are experimen-
tally observed and will be explored in the following. The
linear region of process (iii) in Fig. 2(a) with the photon
energy of (2.4-2.9eV) is used to extract the barrier height (at
different V) from the top of the InP VB to the bottom of the
Al,O; CB while the linear region with photon energy
(3.5-4.3¢eV) is used to determine the barrier height from the
top of the InGaAs VB to the bottom of the Al,O3 CB (pro-
cess (ii)). Contrary to the common practice of assigning the
higher threshold at the energy where the lower part of the
spectrum intersects with the higher energy part, the second
threshold in this particular case was determined by extrapo-
lating the linear part to the zero yield point on the energy

TABLE I. The materials’ parameters used in the band diagram simulation.
E is the energy band gap, ¢z is the relative dielectric constant, and N- and
Ny are the effective density of states in the conduction and valence bands,
respectively.

Material Eg (eV) er N (em™3) Ny (cm ™)
AlLO; 6.8 8

Ing 53Gag 47As 0.78 13.8 2.4 x 10" 8.1x 10
InAs 0.36 14.6 1.0 x 10" 5.1x 10"
InP 1.35 12.6 5.5x 10" 1.0 x 10"
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FIG. 3. (Color) Schottky plots for oxide field dependence of the barrier
heights from InP VB to Al,O3; CB (blue squares) and from InGaAs VB to
Al,0O5 CB (black dots).

axis. This procedure is rationalized when we carefully exam-
ined the yield below 3.0eV and realized that there is addi-
tional small photoelectron emission from InGaAs valence
band by the appearance of the critical point InGaAs features
(2.5-2.8eV). This emission mixed in the main photoemis-
sion from InP valence band is above the InP threshold and
only affects the above-threshold yield. In other words, the
extraction of the band offset for the top InGaAs layer
depends on which IPE process dominates. In our case, the
process (iii) dominates at lower energy part as realized by
the fact that the InP critical point feature at ~3.2eV is much
stronger than the critical point InGaAs features at
2.5-2.8eV. The origin of photoelectron currents is further
substantiated by Fig. 2(d). The above two thresholds are
absent when the metal is negatively biased (dashed curve).
The enhanced broad feature observed at ~3.3eV is due to
the strong absorption of W at that photon energy. The onset
of the two thresholds is clearly dependent on the InGaAs
thickness as demonstrated by the complete absence of the
threshold near 3.1 eV (dotted curve) when InGasAs is 30 nm
thick and by its slight presence when InGaAs is much thinner
(solid curve). These observations also eliminate the possibil-
ity that the measured photoelectrons are channeled via bulk
defect states that might exist in the Al,O3 layer as has been
previously reported.”* Figure 3 is the Schottky plot, showing
the field-dependent barrier heights for InP (blue squares) and
InGaAs (black dots). Within 0.1 eV uncertainties,'® the flat-
band (zero-field) barrier heights ®@° of Al,O; seen by InP and
InGaAs are found to be 2.8 and 3.5eV, respectively. The
photoelectrons injected from the W metal were also meas-
ured when negative biases were applied to the W electrode.
The barrier of W/A1,O5 was determined to be 2.5 £ 0.1eV
from the Schottky plot of Yield'"? versus internal electric
field (not shown). For comparison, shown by the dashed
curve in Fig. 2(d) is Yield'” that was taken at —2.5 V bias.
The electron energy band diagram of the metal-oxide-
semiconductor heterojunction was simulated using the 1-D
Poisson solver, Bandprof.>> The parameters used in the sim-
ulation are listed in Table I. The band offsets measured by
IPE are also used as fixed inputs. To satisfy the experimen-
tally observed flat-band condition at V; = —0.1V, a positive
charge must be added at the interface between Al,O; and
InGaAs. The extracted charge density is 6.0 x 10'%cm ™2,
The band diagram at the flat-band condition is shown in
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FIG. 4. (Color) Band diagram of the heterostructure at flat-band condition,
simulated using Bandprof (Ref. 25).

Fig. 4, where the band offsets from the IPE measurement are
labeled. In this derived band diagram, the barrier height from
the top of the InGaAs VB to the bottom of Al,O3; CB is
3.25eV at the interface between Al,O; and InGaAs, in
agreement with reports of IPE measurements of ALD Al,O;
on InGaAs."*?° This interface state density is consistent with
capacitance-voltage measurements on a similar heterostruc-
ture by Zhou,'” most likely stemming from the empty donor-
like interface states distributed in the upper bandgap of
InGaAs.

Interface states degrade the subthreshold swing (SS) in
TFETs. For the n-TFET in Fig. 1 with tunneling normal to the
gate, the source-channel junction is a degenerately doped
p'n' junction. At a positive gate bias, the InGaAs CB is
pulled down below the InP VB; thus electrons are injected
from source to channel and the transistor is turned on. As seen
in Fig. 4, the positive charged states at the Al,O3/InGaAs
interface need to be filled with electrons with increasing V;
thus the transistor turn-on characteristics Ip — Vgg are
stretched, leading to a high SS. It has been shown that a post
deposition anneal can improve SS presumably by reducing
this interface trap density."”

In summary, we have demonstrated that IPE measure-
ments are a powerful technique to quantitatively characterize
the multiple energy barriers of a III-V TFET. The yield'?
plot reveals the band offsets for both the thin epi-layer
InGaAs/InAs and the underlying InP heterojunction relative
to the Al,O5. By combining the experimental data with the
results of band diagram simulations, a self-consistent energy
band diagram is derived at Vg showing the necessary pres-
ence of an equivalent positive charge of 6.0 x 10'*cm ™2 at
the Al,O3/InGaAs interface; most probably due to empty
donor-like interface states.
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