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Contactless electroreflectance study of the surface potential barrier in n-type

and p-type InAlAs van Hoof structures lattice matched to InP

A. Tolloczko?, J. Kopaczek?, R. Szukiewicz?, A. Gocalinska®, E. Pelucchi®, D. Hommel?,
and R. Kudrawiec! 22
'Faculty of Fundamental Problems of Technology, Wroclaw University of‘Science. and
Technology, Wybrzeze Wyspianskiego 27, 50-370 Wroctaw, Poland
2Wroclaw Research Center EIT+ Sp. z o.0., ul. Stabtowicka 147, 54-066.Wroctaw, Poland

~

3Tyndall National Institute, University College Cork, ,, Lee Maltings ', Pyke Parade, Cork, Ireland

N-type and p-type Inos2AlossAs van Hoof structures with warious thicknesses of undoped
Inos2Alo.4gAs layer (30, 60, 90, and 120 nm) were grown.by metal-organic vapor phase epitaxy on
InP substrates and studied by contactless electroreflectance (CER).at room temperature. The InAlAs
bandgap related CER resonance followed by a'strong. Franz-Keldysh oscillation (FKO) of various
periods was observed clearly for the twa'struetures. This period was decreased with the decrease of
thickness of undoped Inos2Alp.48As layer and was.slightly narrower for p-type structures. The FKO
period analysis indicates that the Fermi level is pinned 0.73+0.02 eV below the conduction band at
Ino.s2Alo.48As surface. This pinning was.attributed to the surface reconstruction combined with the
adsorption of oxygen and carbon‘atoms (consequence of air exposure) which were detected on the
Ino.s2Alo.48As surface by-X-ray photoelectron spectroscopy. Also, CER measurements repeated one
year after the sample growth shows that the process of InAlAs oxidation in laboratory ambient is

negligible and therefore this alloy can be used as a protective cap layer in InP-based heterostructures.

9 E-mail address: robert.kudrawiec@pwr.edu.pl
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I. INTRODUCION

InixAlxAs with x = 48% (InAlAs from now on) can be grown lattice-matched to InP, making
it a relevant component for many important applications such as telecom lasers [1], InP-based high
electron mobility transistors or/and other high frequency devices [2, 3]. This alloy is also the.natural
candidate for claddings, barriers, and waveguides in InP-based quantum cascade lasers [4, 5], and
recently InAlAs was used as an absorber in InP-based multijunction solar cells.[6, 7].. In addition
InAlAs could be used as a capping layer for protecting InP-based heterostructures.from oxidation
instead of exploiting other layers such as InGaAs lattice matched to InP (which has a very narrow
bandgap) or InP itself, which, for example, is impossible to grow {in_an MTBE systems without
specialized P sources. However InAlAs is not routinely used for this purpose, as a strong oxidation
is generally expected due to the presence of Al in this alloy,nin analogy to AlGaAs which does
oxidize heavily when air exposed.

Indeed, the issue of InAlAs oxidation has never been extensi?/ely explored so far and therefore
little is known about its long term stability when airexposed. Moreover the surface potential barrier
for this alloy (i.e., the Fermi level position_at the.InAlAs surface) is also unknown and so its
modification with time upon oxidation.

The aim of this paper is to clarify:these issues, by analyzing InAlAs (as discussed lattice
matched to InP) surface potential baqier by contactless electroreflectance (CER).

Among several methods allowing determining the surface potential barrier, CER is considered
highly suitable [8, 9]. In contrast to techniques involving measurements of I-V or C-V characteristics
of the metal/semiconductor “interface [10, 11], CER does not require metal contacts on the
semiconductor surface and thus does not affect its morphology and thereby can probe the surface
potential barrier forithe as-grown material without any surface treatment, as well as the surface
potential barrier after air exposure. So far only photoreflectance spectroscopy, which has similarities
to CER. spectroscopy, has been applied to study heavily doped Ings2Alo4sAs samples grown by
molecular beam epitaxy on InP (Fe) substrates, but the surface potential barrier was not determined

for those samples [12], and in general the study of the Fermi-level position on the surface has not
2
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yet been extended to InAlAs. In order to perform a careful study of surface potential barrier for
InAlAs lattice matched to InP and its change with time due to possible surface degradation, two sets
of n-type and p-type InAlAs van Hoof structures [13] lattice matched to InP were grown and studied
by CER spectroscopy, which together with a number of other characterization techniques allowed
us to determine both a good estimation of the Fermi level pinning position, its stability with air

exposure in time, hence its (unexpected) suitability as capping layer.

I1. EXPERIMENT
~

The InAlAs samples were grown by metal-organic vapor phase-epitaxy (MOVPE) at low
pressure (80 mbar) in a commercial horizontal reactor with purified»N. as carrier gas and
trimethylindium (TMIn), trimethylaluminium (TMAI), arsine (AsH3z) and phosphine (PH3) as
precursors. [14, 15]. The structures were grown on semi-insulating (Fe-doped) (100)+/- 0.02°
epiready InP substrates and contain 100 nm nominally undoped.InP buffer, followed by 200 nm
thick n-type (or p-type) InAlAs layer, and undoped top InAlAs layer of different thickness (30, 60,
90, or 120 nm). These InAlAs layers aredattice.matched to InP. SsHe and CBr4 were used for n-type
and p-type doping, respectively. Majority carrier,concentration is similar in both types of samples:
4.1 x 10* cm for n-type and 3.5 x10*® em2 for p-type. In the undoped InAlAs layers the residual
carrier concentration is below 20% em:=3. The sketch of layers in the InAlAs van Hoof structures
(i.e., structures with undoped cap layer where a homogeneous built-in electric field is expected) is

depicted in Fig. 1 (a) andsthe expected band bending in n-type and p-type structures in panel (b) and

(c), respectively.

For CER measurements the samples were placed in a capacitor with a half-transparent wire
mesh top electrode [16]. The top electrode was set at a distance of ~0.5 mm from the sample surface
to bothravoid short circuit and provide strong enough electric field. A ~3.0 kV alternating voltage
was applied tothe electrodes at a frequency of 290 Hz. All measurements were performed in ambient

air at room-temperature. Other relevant details of the CER set-up can be found in Ref. [16].
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For piezoreflectance (PzR) measurements samples were glued on piezo-ceramics by acrylic
glue. An AC voltage with amplitude 300 V and frequency 280 Hz was applied to the piezo-ceramics

in order to modulate sample strain.

For accurate identification of surface composition X-ray photoelectron spectroscopy (XPS) was
utilized: samples were placed on a double glue copper foil and mounted on a sample‘holder. After
that they were introduced to a load lock and at ~10® mbar level (~ one hour) they were introduced
into the analysis chamber. XPS spectra were acquired using a SCIENTA. hemispherical
photoelectron spectrometer equipped with a monochromatic AlKa source operating at 300 W. The
base pressure in the analysis chamber was better than 1x10° mbar. Charg? compensation was
achieved using a flood source. All acquired high resolution spectra were.calibrated to adventitious
carbon at 285 eV. High resolution spectra were measured with'apass energy of 200 eV. The overall
resolution of the spectrometer in this operating mode was 0.70 eV as measured by the full width of
half maximum (FWHM) of the Ag3ds. line. After subtraction of the Shirley-type background, the
core-level spectra were decomposed into their components with mixed Gaussian—Lorentzian lines
(70% G + 30% L for majority of photo=peaks) following a non-linear least squares curve-fitting
procedure, using the CasaXPS software. BE and FWHM of the components and their areas were

determined from the fitting results.

N
I11. RESUTS AND DISCUSSION

Figure 2 and 3/show CER spectra of n-type and p-type InAlAs van Hoof structures,
respectively, measured at.room temperature. Color lines correspond to measurements a few days
after the sample'growth while the grey lines correspond to measurements performed about one year
later at similar conditions. For p-type samples a band gap related transition in the InP buffer layer
is visible at ~1.35 eV. Such transition is not observed for n-type samples, because of a lack of band
bending moedulation in the InP buffer in these samples. It is associated with a better screening of InP
buffer by n-type layer from the external modulation. For all samples a strong CER resonance related

4
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to band-to-band absorption in the undoped InAlAs layer is observed at ~1.45 eV. This resonance is
followed by Franz-Kieldysh oscillations (FKOs) associated to the built-in electric field in the
undoped InAlAs layer. Indeed, as it is well known, a homogeneous built-in electric field exists in
the undoped InAlAs layer due to the Fermi level positioning close to the conduction (valence) band
in the n-type (p-type) doped InAlAs layer and the specific Fermi level pinning at the InAlAs surface.
This determines the surface potential barrier. Since the thickness of undoped“InAlAs layer is
changing in the studied samples, so does the built-in electric field and hence the period of the FKOs

varies as reported in Figs. 2 and 3.

~
The value of the built-in electric field can be extracted from the period.of the FKOs. The relation
between the build-in electric field and the FKO period is described using.an asymptotic expression

for electro-reflectance [17]

—2T.JE= _ 3/2
A?Rocexp[—2 " -cos[i(—E E‘g) + ] -

(h6)3/2 3\ 76 1 eEE,)

e2h?F?

(h9)* =

1)

where h6 is the electro-optic energy, 7" is the linewidth, e.is an angle, F is the electric field and u is

the electron-hole reduced mass, assumed to be 0.083 mo [18]. The FKOs extrema are given by

= 4 @

where n is an index of n-th extremurQ and Ey Is corresponding energy.

In order to precisely determine and verify the bandgap of the InAlAs layers, which is required
for the FKO period analysis, PzR spectra have been measured for the studied samples. An example
of PzR spectrum is shown in the inset in Fig. 2. In this case a single resonance related to the bandgap
absorption in InP and InAlAs.is clearly visible. PzR spectra are not affected by FKOs because of
other mechanism of reflectance modulation (i.e., modulation of the lattice constant instead of the
built-in.electric field) and thereby have been elected for determining the bandgap. Here, PzR spectra
have been fitted by the Aspnes formula [19] which is widely used to analyze modulated reflectance

spectra. [20-22]. The resulting bandgap is 1.435 eV and corresponds to literature data reviewed in
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Ref. [18], but it should be noted that this value is 25 meV lower than the bandgap calculating from

the parameters recommended in Ref. [18].

Figure 4 (a) and (b) shows a detailed analysis of the InAlAs-related FKO period and associated
built-in electric field for both the n-type and p-type InAlAs van Hoof structures, respectively. We
determined that the built-in electric field equals ~ 217, 113, 82, and 58 kV/cm for n-type structures
with 30, 60, 90, and 120 nm thick undoped layer, respectively. Slightly weaker built-inelectric fields
have been found for the p-type structures: ~181, 92, 68, and 43 kV/cm for samples\with 30, 60, 90,

and 120 nm thick undoped layer, respectively.
~
We also observe that since the shape of a CER resonance is sensitiveto the type of band bending

[9, 23], the opposite phase observed for the two sets of heterostructures (see green arrows in Figs. 2
and 3) means an opposite sign of the built-in electric field/as expected and as also schematically

shown in Fig. 1.
@

At first approximation the built-in electric field in‘'van Hoof structures is given by the following
formula: F = %"’for n-type and F = @for p-type structures, where d is the thickness of the

undoped InAlAs layer, F is the built-in electric field extracted from the FKO analysis, and E is the

Fermi level position at the InAlAs surface defined as in Fig.1. The obtained built-in electric fields

have been plotted in Fig. 5 and fitted by the above formula with E, treated as a free parameter. E
N

has been estimated to be ~0.64 eV/iand =0.88 eV for n-type and p-type structures, respectively.

The derived Fermi-levelposition on InAlAs surface can be underestimated because of some
depletion of the doped InAlAs layer at the InAlAs(cap)/InAlAs:Si(C) interface. Indeed, the presence
of a depletion region causes leaking of a non-uniform electric field into the doped layer, which can
be considered; simplifying, as an increase of the effective thickness of the layer in which the built-
in electric field is present. In order to include these adjustments, calculations of the band bending in
both structures have been performed using Nextnano software [24]. Treating the Fermi-level
position on InAlAs surface as a free parameter, the distribution of built-in electric field in the

undoped InAIAI layer was analyzed. The results for n-type and p-type structures are shown in Fig.
6
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6 (a) and (b), respectively, where thin solid lines show theoretical dependency of electric field versus
the Fermi-level position on InAlAs surface and thick solid horizontal lines correspond to
experimental values of electric field determined by CER measurements. The best compliance with

the experiment is obtained assuming E4 = 0.73 + 0.02 eV for both types of van Hoof structures,

which indicates that Fermi-level pinning at InAlAs surface is close to the middle of energy gap, but

slightly closer to the conduction band.

Figures 7 shows the band bending in the examined structures, calculated.for the value of Ey =

0.73eV. It can be noticed that the depletion region (marked as a gray field)is the most significant
~

for structures with thin cap layer. As d increases, the depletion layer«is getting thinner and its

contribution to the sample area with the built-in electric field is less important. Moreover it is visible

that the built-in electric field is homogeneous in the undopedInAlAs layer and the simple estimation

of Fermi level position from the E, = Fd formula is acceptable at the first approximation.
@

The derived Fermi-level position at InAlAs surface at very similar energies for n-type and p-
type structures means that, as largely expected, the Fermi level is indeed pinned at a singularity of
density of states partially occupied by electrons:izSuch a density of states is generally linked to
surface reconstruction and adsorption of foreignratoms. In order to gain further insights, XPS

measurements were performed.

N
Figure 8 shows an atomic'concentration of a surface atoms identified on two n-type and p-type

InAlAs van Hoof structures. As aniexample the XPS spectrum recorded for one of the n-type van
Hoof structures is shown in the inset of Fig. 8. This shows, besides the expected Al, In, and As
atoms, not surprising; significant concentration of oxygen and carbon exist on the surface of the
investigated samples, as it broadly found with other I11-V semiconductors, which generally points
at a possible role in the pinning of Fermi level. More interesting, samples measured one year after
the growth, and stored in ambient atmosphere, present CER spectra very similar to those measured
a few days after growth (compare color and grey lines in Figs. 2 and 3), indicating stable Fermi level

pinning and its early stage establishment.
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It is worth noting that this is not always the case. CER spectra for AIGaAs structures change
very significantly with time due to oxidation of AlGaAs layer. In the investigated InAlAs van Hoof
structures a heavy oxidation of undoped InAlAs layer should be accompanied with an increase of
built-in electric field (an increase of the FKO period) due to a reduction of the thickness of.the
undoped InAlAs layer. Such an effect should be observed in case of further oxidation of InAlAs
layer with the time after the growth, but is not observed for the investigated samples,indicating that
the process of InAlAs oxidation in laboratory ambient is negligible. This is in‘line with previous
observations that the oxidation process of many epitaxial 111-V materials (with the well-known
exception of AlGaAs or AlAs) affects only several initial monolayers; with@time-dependent oxide
type change, but with not necessarily significant thickness’ increase: [25]. Also detailed AFM
investigation of multiple InAlAs samples from laboratory. history, kept on showing distinct
crystallographic steps, even on significantly aged samples{(see Fig. 9),'i.e. the oxidation process did
not significantly perturb the overall surface morphology./Therefore the alloy can be successfully

used as a cap protective layer in InP-based heterostructures:

IV. CONCLUSIONS

In summary, n-type and p-type.Inos2Alp4sAs van Hoof structures were grown by MOVPE in
order to study the Fermi level positBn at Inos2Alo48As surface by CER spectroscopy. It has been
found that the Fermi level is,pinned0.73 + 0.02 eV below the conduction band for both n-type and
p-type structures. CER measurements repeated one year after the sample growth shows that the
Fermi-level is still focated at the same energy. It suggests that the process of InAlAs oxidation in
laboratory ambient'is negligible in contrast, for example, to the oxidation of AlGaAs alloy of similar

aluminum content. Therefore INAIAs lattice matched to InP can be used as a protective cap layer in

InP-based heterostructures.
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Figure captions:

FIG. 1. (a) Diagram of layer sequence in examined InAlAs van Hoof structures. Sketch of band

bending in n-type (b) and p-type (c) InAlAs van Hoof structures in the presence of surface/Fermi

oNOYTULT D WN =

9 level pinning.

15 FIG. 2. Contactless electroreflectance spectra of n-type InAlAs van Hoof struetures of various
17 thicknesses d of undoped top InAlAs layer. The grey lines correspond to measurements performed
about one year later at similar conditions. FKO extrema are identified and si\gned with numbers.

22 Inset shows piezorflectance spectrum for the structures with 120 nm thiek undoped InAlAs layer.

28 FIG. 3. Contactless electroreflectance spectra of p-type INAIAs van Hoof structures of various
thicknesses d of undoped top InAlAs layer. Thexgrey lines.correspond to measurements performed

33 about one year later at similar conditions. FKO extremaare identified and signed with numbers.

39 FIG. 4. Analysis of built-in electri¢ field inn-type (a) and p-type (b) InAlAs van Hoof structures.
41 Solid lines are best fit to experimental’poifits and calculated slopes determines electric field F for

the undoped InAlAs layer of various thicknesses.

50 FIG. 5. Built-in glectric fielduin n-type (red squares) and p-type (blue diamonds) InAlAs van Hoof
structures, fitted by formula F = %‘1’ for n-type and F = @ for p-type structures, where d is the

55 thickness of undoped InAlAs layer, F is the built-in electric field extracted from FKO analysis, and

>7 the E,, isitreated as a free parameter.
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FIG. 6. Theoretical dependence of built-in electric field on potential barrier height (solid lines) for
n-type (a) and p-type (b) InAlAs van Hoof structures of various thicknesses d of undoped InAlAs

layer. Thick horizontal solid lines correspond to experimental values of F.

FIG. 7. Band diagram showing the calculated band bending in n-type (left panel) and p-type(right
panel) InAlAs van Hoof structures of various thicknesses d of undoped InAlAs layer. Gray fields
indicate the depletion regions in the doped InAlAs layer. Grey dashed lines' indicate.the'Fermi level
in structures. Ey4 is assumed to be located 0.73eV below the conduction band for all InAlAs van

Hoof structures.

FIG. 8. The atomic concentration of a surface atoms identified.on InAlAs van Hoof structures by
@

XPS measurements. Inset shows an exemplary XPS spectrum from the n-type van Hoof structure.

FIG. 9. AFM surface morphology (signal amplitude) of a representative InAlAs sample grown on
InP (100) + 0.4° tow. [111]A substrate, stored in ambient conditions for several months after growth.

(AFM collected in non-contact/tapping mode, at room temperature and in air)

14

Page 14 of 23



Page 15 of 23

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-115440.R2

(a) n-tvpe and p-tvpe InAlAs van Hoof structures
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