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Energy barriers at interfaces of (100)InP with atomic-layer deposited Al,O5 are determined using
internal photoemission of electrons. The barrier height between the top of the InP valence band and
bottom of the alumina conduction band is found to be 4.05* 0.10 eV corresponding to a conduction
band offset of 2.7 eV. An interlayer associated with the oxidation of InP may result in a lower barrier
for electron injection potentially leading to charge instability of the insulating stack. A wide-gap
P-rich interlayer has a potential to reduce this degrading effect as compared to In-rich oxides.
© 2010 American Institute of Physics. [doi:10.1063/1.3496039]

Like other AjBy semiconductors InP attracts consider-
able attention as possible high-mobility channel material for
next generations metal-insulator-semiconductor (MIS) elec-
tronic and optoelectronic devices. Recently, MIS transistors
employing InP and the atomic-layer-deposition (ALD)
grown Al,O5 as gate insulator have been demonstrated.'™
However, InP devices were reported to suffer from the
threshold voltage instability2 caused by charge injection and
trapping in the insulator. This issue naturally brings band
alignment at the InP/Al,O5 interface to attention of an ex-
perimentalist. Moreover, reliable knowledge of band align-
ment is needed for proper engineering of more complex
stacks that use InP as a barrier layer on top of the In,Ga,_As
in quantum well channel structures.”* In the present work we
determine the electron band alignment between (100)InP and
ALD Al,O5 using internal photoemission (IPE) of electrons.
In particular, it is found that oxidation of the InP surface
results in formation of a P-rich wide gap interlayer (IL),
quite in contrast to the earlier studied interfaces of arsenides
with Al,O; exhibiting a narrow gap IL.>™® This finding
makes the InP/Al,Oj5 interface particularly promising for ap-
plication in MIS devices.

Studied samples were prepared on single crystal (100)
InP of n-type (S-doped) or p-type (Zn-doped) conductivity
with doping concentration of about 4 X 10'7 ¢cm™. Three
predeposition surface treatments were compared: wet etch in
HCI (0.1% water solution), the same etch followed by treat-
ment in (NHy),S from a 25% polysulfide water solution, and
UV/0; oxidation. Next, a layer of Al,O5 (8 nm target thick-
ness) was deposited by ALD at 300 °C using AI(CHjs); (the
first pulse) and H,O precursors. Transmission electron mi-
croscopy (TEM) cross-sectional images show almost no con-
trast between the IL and the Al,O; layer. Nevertheless, the IL
can be visualized (Fig. 1) after prolonged sample exposure to
an electron beam causing alumina to crystallize, while the IL
remains amorphous. In this way the thickness of the IL,
which appears to be sensitive to the preclean, can be deter-
mined. The low contrast between Al,O5 and the IL indicates
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the latter oxide to be P-rich as the electron scattering ampli-
tude increases with atomic number (Z) as Z¥2.>!° Thus, a
weak contrast between the oxides of Al (Z=13) and P (Z
=15) is expected, while the absence of the contrast associ-
ated with In (Z=49) suggests that most of the In is probably
removed during ALD.

For IPE measurements, MIS capacitors were prepared by
evaporation of semitransparent (13-nm thick) Au or Al elec-
trodes of 0.5 mm? area onto Al,O;. The IPE together with
photoconductivity (PC) measurements were performed at
room temperature in the photon energy (hv) range 2.0-6.8
eV. The quantum yield (Y) was determined by normalizing
the measured photocurrent to the incident photon flux."" An
example of the yield spectral curves is shown in Fig. 2 for
the n-type InP/Al,O3/Au sample with HCI predeposition
clean. Spectra measured under positive bias (open symbols)
show field-independent features at E)=4.7 eV and E,
=5.1 eV, coinciding in energy with the excitation of direct
optical transitions between high-symmetry points in the Bril-
louin zone of InP, i.e., F;/—J‘g and X;/—>Xg respectively.'?
This observation leaves little doubt that the photocurrent ob-

(a) HCl Treatment

(b) UV/O, Treatment

|
"~ 6.4nm

FIG. 1. Cross-sectional TEM images of the InP/Al,O5 interface in samples
prepared using HCI treatment (a) and UV/Oj5 oxidation (b) prior to ALD.
The arrows mark the thicknesses of the Al,O3 layer and the IL grown be-
tween Al,O; and InP, observed after crystallizing alumina by an electron
beam.

© 2010 American Institute of Physics
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FIG. 2. IPE and PC yield as a function of photon energy measured on
InP/Al,0;/Au samples, prepared using pre-ALD HCL etching, with the
applied bias varying from 1.0 to 3.0 V (open symbols) and from —1.0 to
—3.0 V (filled symbols). Vertical lines indicate energies of direct optical
transitions within the InP crystal.

served in the spectral range hv=3.5-5.5 eV is due to IPE of
electrons from the InP valence band (VB) into the oxide
conduction band (CB). By contrast, no optical signatures of
InP are seen in the spectra taken under negative bias (filled
symbols) suggesting electron IPE from Au into Al,O3. In-
deed, replacement of Au with Al shifts the spectral threshold
by =1 eV to lower hv (spectra not shown). At hv>6 eV the
photocurrent spectra for both orientations of the electric field
reveal the onset of intrinsic PC in alumina with spectral
threshold at E,(A1,05)=6.1+0.1 eV (cf. insert in Fig. 3) in
agreement with results for ALD A1203/Si.13 Noteworthy is
that in the UV/Oj5 oxidized (prior to ALD) sample with the
thickest IL a second PC threshold is found at 6.5*0.1 eV
apparently corresponding to band-to-band excitation within
the IL.

To determine the IPE spectral thresholds from the data
shown in Fig. 2 for the HCl-treated n-InP/ Al,O5/ Au sample,
we plotted in Fig. 3(a) the yield in Y'3-hv (IPE from InP) or
Y!2-hy (IPE from Au and Al) coordinates as suggested by
Powell."* The IPE from Au [inset in Fig. 3(a)] obeys the
Fowler law yielding a threshold of ®,,=4.1 eV, in good
agreement with the value found in (100)Si/Al,O5/Au
structures.'” By contrast, the IPE spectra from the VB of InP
cannot be described by a single threshold value. From the
part of the curve measured in the range 3.8 <<hv<4.5 eV
one can still find the threshold ®,, similar to ®,,, but the
origin of the low-energy “tail” stretching down to almost 3
eV and the corresponding threshold ®, is not evident. To
shed some light on the source of the photocurrent in the
range 3.2<hv<4 eV, we compare in Fig. 3(b) the Y!3-hv
plots of n-InP/Al,O53 samples prepared using different pre-
deposition surface treatments. Samples with HCI (CJ) and
HCl+ (NH,),S (A) preclean show very similar spectra, while
in the sample subjected to UV/O; oxidation (O) the IPE is
significantly attenuated. This attenuation correlates with the
thicker IL (Fig. 1) suggesting scattering of excited electrons
inside the IL as the major yield reduction mechanism. To be
noted is that the IPE yield is reduced by the thicker IL over
the whole photon energy range covered, indicating InP as the
common source of photoelectrons. Further insight on the un-
usual behavior of the IPE from InP is provided by the obser-
vation of an exponential yield increase in the range hv
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FIG. 3. (a) Determination of the IPE spectral thresholds in the pre-ALD
HCl-treated n-InP/Al,O3/ Au sample from the spectra shown in Fig. 2 using
Y"3-hv (Powell) plots. Vertical arrows indicate the inferred spectral thresh-
olds. The inset illustrates determination of the electron IPE threshold from
Au into ALO; (®,,) and the oxide band gap [E,(AL,0;)] using the Y'*-hv
plot; (b) Comparison of the IPE spectra between samples prepared using
three different InP surface treatments. All curves are measured under +2 V
bias applied to Au electrode.

=3-4 eV, as evident from Fig. 2 (open symbols for positive
bias). This observation suggests that electrons need to tunnel
through some barrier to enter the CB of Al,O5. Consistent
with this hypothesis is that the IPE yield increases exponen-
tially with electric field as well, as both the barrier height and
the field enter together into the tunneling exponent [see, e.g.,
Eq. (1) in Ref. 15 or the Fowler—Nordheim expression].

To determine interface energy barriers, the spectral
thresholds were plotted as a function of the square root of the
average electric field in the oxide stack (the Schottky plot).
The field was calculated by subtracting the built-in voltage,
at which the IPE current appears, from the applied bias to
account for the metal-InP work function difference, and then
dividing the obtained value by the oxide thickness estimated
from TEM images. The results, compiled for all studied
samples in Fig. 4(a), clearly show that the threshold ®; is
barely sensitive to the initial InP surface preparation and,
therefore, can be associated with direct IPE into the CB of
Al,O5. By contrast, the lower threshold ®, is highly sensi-
tive to the pre-ALD surface treatment and even to the con-
ductivity type of the InP substrate allowing us to associate it
with the IPE from InP into the CB of the IL. In Fig. 4(a) we
also compare ®, values obtained from the Y'3-hv plot (H)
to those obtained from the log plot shown in Fig. 2 by ex-
trapolating the yield to the sub-threshold background level
(small filled squares).

Extrapolation to zero field gives consistent results
with average values ®J=4.05+0.10 eV and @)
=3.70*£0.15 eV, thus even when using different threshold
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FIG. 4. (a) Schottky plot of the field dependent IPE thresholds measured for
differently prepared InP/Al,O; interfaces. For the n-InP/Al,O3 sample with
pre-ALD HCI treatment the values of the lower barrier @, obtained from the
log(Y)-hv (Fig. 2) and Y'"3-hv (Fig. 3) plots are shown by small and large
filled squares, respectively. Lines illustrate the determination of average
zero-field barrier heights @0 and @ between the top of the InP VB and the
CB bottom of Al,O3 and of the IL, respectively; (b) Energy band diagram of
the InP/Al,O3/Au structure inferred from the measured barrier values. The
origin of the energy scale is at the top of the InP valence band.

determination plots for ®,. With these values together with
the band gap width of the IL and Al,O3, and the measured
barrier between the Fermi level of Au and the Al,O; CB,
we arrive at the electron band diagram shown in Fig. 4(b).
The CB offsets can be estimated by subtracting the known
band gap of InP (1.35 eV at 300 K) from the measured
barriers: AE (InP/Al,05)=2.7+0.10 eV and AE.(InP/IL)
=2.35=%0.15 eV. Here, we note that the former offset nearly
coincides with the theoretical prediction,16 while the second
one complies with the offset estimated for the InP/In(POs);
interface.'’ Apparently then, the P-rich IL may be associated
with In(POs); as the inferred IL band gap width of 6.5 eV is
close to the 6.9 eV gap of In(PO;); layers grown on InP.'"!®

The above results suggest that, similarly to the previ-
ously studied interfaces of arsenides,’™ the IL plays an im-
portant role in electron injection processes as it provides the
lowest barrier for electrons in InP. Potentially, oxidation of
InP may result in oxides with an even narrower gap than that
of In(PO3);: In InPO, the gap narrows to 4.5 eV (Ref. 19)
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and even to 3.5 eV in anodic oxide on InP>° These narrow-
gap phases may further reduce the IL-related barrier poten-
tially explaining the anomalously strong field-induced barrier
lowering in some samples as demonstrated (d,) in Fig. 4(a).
Moreover, we found that at the (100)InP/ALD HfO, inter-
face the spectral threshold of electron IPE only slightly ex-
ceeds 2 eV (spectra not shown). This is likely caused by
In-rich IL formation and may explain the recently reported
charge instability of InP/HfO, interfaces.'

In conclusion, we found that ALD Al,O5 provides a high
CB offset, of 2.7 eV, with (100)InP. However, it is also ob-
served that the formation of an IL due to oxidation of semi-
conductor may reduce the barrier height for electrons signifi-
cantly, particularly if a high electric field is applied [cf. Fig.
4(a)]. To avoid this undesirable effect, the concentration of
indium in the IL should be reduced; According to the results
P-rich oxide on InP provides a sufficiently large CB offset in
excess of 2 eV.

PH acknowledges the financial support of Science Foun-
dation Ireland under Grant No. SFI/09/IN.1/12633.
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