Published on 01 November 2019. Downloaded by University of Warwick on 11/1/2019 11:19:51 AM.

PCCP

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/c9cp04490f

Received 13th August 2019,
Accepted 21st October 2019

DOI: 10.1039/c9cp04490f

Work function of GaAs(hkl) and its modification
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Spin-coating of poly(ethylenimine) (PEI) has been used to reduce the work function of GaAs (001), (110),
(111)A and (111)B. The magnitude of the reduction immediately after coating varies significantly from
0.51 eV to 0.69 eV and depends on the surface crystal face, on the GaAs bulk doping and on the atomic
termination of the GaAs. For all samples, the work function reduction shrinks in ambient air over the first
20 hours after spin coating, but reductions around 0.2-0.3 eV persist after 1 year of storage in air.
Core-level photoemission of thin film PEl degradation in air is consistent with a two-stage reaction with
CO, and H,O previously proposed in carbon capture studies. The total surface dipole from PEl coating
is consistent with a combination of internal neutral amine dipole and an interface dipole whose
magnitude depends on the surface termination. The contact potential difference measured by Kelvin
probe force microscopy on a cleaved GaAs heterostructure is smaller on p-doped regions. This can be
explained by surface doping due to the PEIl, which increases the band bending on p-doped GaAs where
Fermi level pinning is weak. Both surface doping and surface dipole should be accounted for when
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1 Introduction

The work function is a fundamental materials parameter which
strongly influences energy level alignment in heterostructures,
in particular band offsets at semiconductor heterointerfaces
and barrier heights for metal-semiconductor junctions." Such
interfaces include those found in organic-inorganic hybrid
structures,> * which are of increasing interest in a diverse range
of applications.>” Band offset engineering is often critical to
optimise charge and exciton transport in such a hybrid device.®
Hybrid organic-inorganic solar cells are an important example.
Using polymers as a surface modifier to control the work function
of semiconductors can act to reduce resistances across interfaces,>°
as wide gap organic semiconductors with low carrier densities may
be associated with strong injection barriers.’® Improvements in
band alignment at interfaces, e.g. by work function control,"* can
lead to increased solar power conversion efficiency'* as recom-
bination rates are reduced'*"* and injection improves.'*
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considering the effect of PEl coated on a semiconductor surface.

As a method of work function control, Zhou et al.'® first
showed in 2012 that ultra-thin films of both poly(ethylenimine)
(PEI) and poly(ethylenimine)ethoxylated (PEIE) act to reduce
the work functions of various metals and oxides plus graphene
and PEDOT:PSS. The values of work function reduction were
clustered around 1 eV with a range 0.41 to 1.63 eV reported.
This “universal” work function reduction effect was explained
through a combination of the intrinsic dipole moment of
neutral amine groups in the molecular overlayer and an inter-
face dipole produced through fractional electron donation to
the surface.”>'® Kim et al. used a thin (2 nm) PEI interlayer in a
hybrid solar cell to reduce the work function of a PEDOT:PSS
electrode from 5.1 eV to 3.97 eV." Yan et al. incorporated PEI
into a hybrid solar cell, reducing the work function of an ITO
electrode.”® In agreement with Zhou et al they found no
improvement in work function reduction for thicker PEI films
(up to 10 nm) but such films inhibited device performance due
to the electrical resistance of the PEL Both groups achieved
strong improvements in device performance due to work function
control via PEI layers.

The structure of branched PEI can be seen in Fig. 1(i). PEI
has been frequently used as an electron injector,”*>* acting as a
surface n-dopant.”®® This surface doping effect has been utilized
in organic thin film transistors.*>*° Apart from organic-inorganic
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Fig. 1 Structure of branched PEI (i), and the two-stage chemical reaction
of PEI with CO; (i), proposed by Yu et al.?

electronics PEI has been used to control morphology in ZnO
films.’* Before its potential applications in hybrid organic
electronics were mooted, PEI was extensively investigated as a
carbon capture material."®**™*' Suggested reaction mechanisms
between CO, and PEI are shown in Fig. 1(ii).>'> A two stage
reaction was suggested: products from the first stage (CO,) react
with water, returning some of the initial reactant (R/R’ refer to
carbon chains). Degradation in ambient air of PEI films used as
dopants for multilayer MoS, films has been reported by Du
et al.,”® with a timescale on the order of six hours and no
net doping remaining after four days. Conversely, Zhou et al.
reported less than 0.2 eV drop in work function reduction for
PEIE on ITO over 4 weeks in ambient air.

GaAs is an important technological semiconductor material
employed primarily in optoelectronics. GaAs has also been used
in hybrid organic-inorganic devices such as solar cells,*>*’
plasmonic structures®* and polariton lasers.*> The work func-
tion of oxide-free GaAs(%kl) has been studied by photoemission
in ultra-high vacuum (UHV).***” In UHV conditions, GaAs is
frequently used as a negative electron affinity photocathode for
spin-polarised electron beam generation, by the application of
a strong surface dipole through Cs and O adsorption. In
ambient conditions, the GaAs work function has been altered
by treatment with benzoic acid derivatives.®

In this work we explore PEI ultra-thin films spin-coated on to
GaAs(hkl) surfaces as a work function modifier. We find that
PEI indeed reduces the GaAs work function significantly but
that the magnitudes are different on different crystal faces,
and different for native oxide-coated GaAs(001) compared with
etched GaAs(001). These observations support the idea that
the total surface dipole due to PEI adsorption includes a
contribution from an interface dipole (charge transfer between
surface and PEI) as well as any dipole moment internal to the
PEI film. Furthermore, the work function reductions changed
for differently doped regions of a GaAs heterostructure cleaved
to reveal a (110) surface. This can be related to the surface
doping effect of PEI adsorption. We also study the decay of
work function reduction over time in ambient air, using X-ray
photoelectron spectroscopy (XPS) to characterise the changing
surface chemistry.
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2 Results and discussion
2.1 Concentration dependence

Fig. 2 shows the work function reduction due to spin-coating
PEI from solutions of varying concentration. Aqueous solutions
were mixed in concentrations ranging from 0.1% to 3.2%. Solutions
were immediately spin-coated onto freshly prepared GaAs(110) to be
measured by Kelvin probe. For concentrations up to 0.8% the work
function decreases linearly (red line) before plateauing at around
0.67 eV for values up to 3.2% (green line). This behaviour is
consistent with an increasing surface coverage of PEI with higher
concentration solution. This leads to a proportional increase in
work function reduction averaged over the Kelvin probe’s 2 mm
diameter tip. Once the substrate is fully covered with the optimum
thickness, further adsorption of PEI does not continue to decrease
the work function. Our results agree with previous work. Yan et al.
increased PEI film thickness on ITO and found a linear decrease
in work function followed by a plateau above 2 nm thickness.*
Zhou et al. observed PEIE islands on ITO on top of a thin
continuous layer; by gentle washing, these islands could be
removed without affecting the work function reduction by more
than 0.1 eV. Huang et al*® found an optimal work function
reduction for PEI on indium oxide using concentrations between
1% and 1.5%, in good agreement with our data. All of these
results suggest that only PEI molecules in close proximity to the
substrate surface contribute to the work function reduction. In
the rest of our paper we report results for fixed PEI concentration
of 0.8%, which maximises work function reduction while mini-
mising any complications due to multi-layer stacking of PEI
molecules. Note that the 0% concentration point in Fig. 2
(defined zero change of work function) corresponds to untreated
GaAs (Table 1), not to a sample which has been subjected to spin-
coating with pure water.

2.2 Crystal face and time dependence

The work functions of four low-index orientations of untreated
GaAs are presented in Table 1. Even in the presence of the
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Fig. 2 GaAs(110) work function reduction as a function of PEI concentration.
Data points have been plotted with two indicative lines: red indicates increasing
work function reduction at concentrations up to 0.8%, green indicates saturated
work function reduction for higher concentrations.
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Table 1 Tabulated work function values for native oxide-covered n-type
low-index GaAs surfaces. Right side columns show work function reduc-
tions for three different times after PEI deposition. The central column
shows the calculated number of dipoles per GaAs(100) unit mesh due to a
fresh PEI coating, as discussed later

Work function change

. . .. due to PEI (eV)
Native Dipoles per unit

Orientation oxide (eV) mesh due to PEI Fresh

20 hours 1 year

GaAs(100)  4.06 1.4 -0.63 —0.34 —0.19
GaAs(111)A  4.20 1.2 —0.55 —0.40 —
GaAs(111)B  4.17 1.5 —0.69 —0.51 —
GaAs(110)  4.18 1.6 -0.71 —0.42 —0.27

native oxide there is significant variation of 0.14 eV in the GaAs
work function, with GaAs(100) showing significantly lower work
function than the other faces. The work function reduction due
to PEI coating is also shown in Table 1, immediately after
coating, after measuring for 20 hours and after storing for
1 year (data available for two orientations only). Both measure-
ment and storage were in ambient air. The initial work function
reduction varies over a range of 0.16 eV. In all cases the work
function reduction declines with exposure time to ambient air,
i.e. the absolute work function moves back towards the native
oxide-only value. However, a significant reduction remains even
after 1 year exposure to ambient air. The time dependence of
work function reduction during the first 20 hours is plotted in
Fig. 3. For all crystal faces of GaAs the work function reduction
decreases markedly over this period with a declining rate of
change. The most rapid loss of work function reduction occurs
for GaAs(100), while the (110) surface shows a similar magnitude
of decline which occurs more steadily (Fig. 3, red and purple
lines). Despite the untreated work function values for GaAs(111)A
and GaAs(111)B being nearly identical, upon the application of
PEI the work function reduction differs by 0.14 eV. Over the first
20 hours after coating, both the A and B faces degrade at the
same rate, roughly maintaining the 0.14 eV split (Fig. 3, blue and
green lines).

= GaAs(001)

® GaAs(11D)A
¢ GaAs(111)B |
A GaAs(110)

0 5 10 15 20
Time after coating (hours)

Work function reduction (eV)

Fig. 3 Work function reduction dependence on air exposure time for
PEI coating on low-index GaAs(hkl). Lines are guides to the eye.
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2.3 Bulk doping dependence

In order to isolate any effect of doping levels on work function
reduction due to PEI coating, samples cleaved from a GaAs
heterostructure were studied. The heterostructure incorporates
p-type (Be-doped) and n-type (Si-doped) layers and was grown in
the (001) direction. PEI was spin-coated on to freshly cleaved
(110) surfaces which expose the vertical layer sequence. The
position-dependent contact potential difference*® (CPD) was
then measured by Kelvin probe force microscopy (KPFM). The
layer pattern of the heterostructure can be identified unambiguously
for different samples since the local CPD depends on the local
doping level. By subtracting the local CPD of a PEI coated sample
from the corresponding local CPD of a pristine sample, the work
function reduction for GaAs(110) can be obtained for the differently
doped regions. The position-dependent work function reduction is
shown schematically for six regions of the heterostructure in Fig. 4
(the full structure is shown in the ESL7). Note that the KPFM
samples were sent from Warwick to Berlin by courier for measure-
ment, which is likely to induce significant degradation; nonetheless,
a significant work function reduction is retained.

There is a clear difference between p-type regions, for which
the work function is reduced by approximately 0.17 £ 0.01 eV,
and the other regions with work function reductions of around
0.27 £ 0.03 eV. The latter values are consistent with those
reported in Table 1 for n-type GaAs(110) after one year’s storage
in air. If the PEI provides a pure surface dipole, only reducing
the local vacuum level, one would not expect a change of CPD
reduction between differently doped regions. It is clear that the CPD
reduction on p-type regions is around 0.1 eV smaller than on other
regions: this apparent discrepancy is discussed in Section 2.7.

2.4 Surface termination dependence

In order to further explore electronic interaction between the
PEI overlayer and substrate surface condition, the native oxide
of GaAs(100) was etched using hydrochloric acid.*® Table 2
shows an XPS elemental quantification of oxidised and etched
samples (total intensity normalised by atomic sensitivity factor).
The Ga-rich native oxide of GaAs(100) is replaced with a principally
Clterminated surface. A higher binding energy component

-type | n-type
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Fig. 4 Position-dependent work function reduction due to PEl coating
on the (110) cleaved surface of a GaAs heterostructure.
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Table 2 Relative region intensities ratios for GaAs(100) with native oxide
and after etching with HCl

Region Pre-etch (%) Post-etch (%)
C1s 21.2 9.6
O 1s 31.5 5.2
Ga 3d 26.4 38.6
As 3d 20.9 37.2
cl 2p 0.0 9.4

appears in the Ga 3d spectra after etching, indicating that CI is
bonded to Ga at the surface (see ESIt). Residual O and C signals
are due to the rinsing/drying and transfer to the XPS system after
acid etching. The absolute work function measured by Kelvin
probe increases by 0.33 eV after etching. After 0.8% PEI solution
was spin-coated on to etched GaAs(001), the work function
reduction was 1.02 eV, compared to 0.63 eV coated directly onto
the native oxide (Table 1). The absolute values of the work function
after PEI coating are very similar comparing the etched sample
and the native oxide, within 0.06 eV of each other. This suggests
that the interaction between the PEI overlayer and substrate has
been changed by converting the native oxide surface termination
to a (Ga,Cl) surface, which has increased the total surface dipole
induced by the PEI Note that our XPS data show no change of Cl
surface concentration between etched-rinsed and etched-rinsed-
spin-coated samples, so that the reported work function changes,
as well as absolute value comparisons are self-consistent.

2.5 Degradation

Native oxide-covered GaAs(110) samples were coated in PEI and
studied by XPS within seven days after coating and also after
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storage in air for two months and ten months. Long-term
degradation data were not available for other orientations,
but as the mechanism involves the internal chemistry of the
(non-epitaxial) PEI film we believe it will not differ greatly on
different GaAs faces. The C 1s, O 1s, N 1s, Ga 2p, Ga 3d and As
2p regions were acquired. The normalised intensities of the key
surface elements, i.e. C:N and O:N 1s ratios, changed over
time. For the freshest PEI sample, the C:N ratio was approxi-
mately 3:1, and this increased steadily with storage time, rising
to 4:1 (2 months) then 5:1 (10 months). The O:N ratio rose
more sharply, from around 1:3 (fresh) to 1:1 (2 months) and
3:2 (10 months). There is no evidence for loss of nitrogen from
the surface and so the increases in O and C are ascribed to
adsorption from the ambient air along with chemical reactions
within the PEI film. Further insight into these processes can be
gained from examining the chemically shifted components of
the C and N 1s XPS peaks.

In Fig. 5 the three C 1s and N 1s spectra are shown with fitted
components identified by colour in the legend. In the C 1s,
components assigned to C-O and C=O bonding are present
throughout although oxygen is not a constituent of the PEI molecule.
These components are due to atmospheric contamination, initially
from the spin coating and Kelvin probe experiments performed in
air, and later from subsequent storage in ambient conditions. The
dominant component in the C 1s region of the freshly deposited
sample [Fig. 5(a)] at binding energy 287.0 eV is attributed to C-N,
which does not commonly appear due to atmospheric contam-
ination. This clearly shows the presence of PEI on the surface,
in which all C atoms are C-N bonded. Similarly in the N 1s
[Fig. 5(d)], the primary component at 400.3 eV is attributed to

cis  , a cis P cis n  C

* Data
[lcc/c-H
[IlcN
[Ic-o
[]C=0/RR'NCOO
[JHCO,

—Envelope

295 290 285 280 295

Binding Energy (eV)

Nis N1s
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[JGa Auger
[JGaN
[Jc-N
[ IRR'NCOO
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290 285 280 295 290 285 280
Binding Energy (eV) Binding Energy (eV)

e Nis  f

405 400 395 405
Binding Energy (eV)
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Fig. 5 C 1s and N 1s XPS spectra of a PEl layer deposited on GaAs(110) with native oxide surface after different storage times in air: 1 week (a and d),
2 months (b and e) and 10 months (c and f). Chemically shifted components are identified by colour.
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the C-N environment. At 7 days, the C-N component forms
70% of the total C 1s intensity, while at 2 months this
contribution has dropped to 36%. A further reduction to 25%
was observed after 10 months’ storage. The reduction of the
C-N fraction occurs alongside an increase of intensity at higher
and lower binding energies in the C 1s envelope [Fig. 5(b)]. This
suggests a surface chemical reaction which changes C-N to
other C species over time, principally C-H/C-C, C-O and C=O0.
The corresponding N 1s spectrum [Fig. 5(e)] also shows a strong
reduction in pure C-N bonding, while an increase in a compo-
nent at 401.5 eV is observed. This component is subsequently
reduced in intensity after 10 months storage leading to a
simpler peak shape dominated by a slightly broadened C-N
component. At 10 months, the C 1s envelope retains a complex
array of components with a strong peak attributed to HCO; at
binding energy 290.2 eV.

The two-stage CO, reaction mechanism shown in Fig. 1 gives
a plausible basis for these XPS observations. In particular, the
intermediate state after CO, reaction (1) contains a N-(C=0)-O
group and this component of the C 1s envelope is indeed observed
to increase at 289.1 eV, increasing from 7.8% to 14.5% during
storage over 2 months [Fig. 5(b), blue peak]. This component
overlaps with the C—=0O component originally present due to
contamination. Water vapour from the ambient air can induce
reaction (2) producing HCOj;, as observed over the longer
storage period [Fig. 5(c), pink peak]. The N-(C—=0)-O inter-
mediate intensity decreases again, back to its initial level due to
the C—0 contamination. This two stage degradation process is
also consistent with the N 1s spectra. The significant increase of
the component at 401.5 eV from 21% to 46% Fig. 5(d to e) is
ascribed to the CO, reaction (1) product with altered nitrogen
environments, as seen in the reaction mechanism in Fig. 1.
However, the H,O reaction (2) returns nitrogen to original PEI-
like chemical environments, hence the reduction again of the
401.5 eV component after 10 months Fig. 5(f). The persistence of
C-N components in both C 1s and N 1s is in agreement with the
persistent work function reduction even after 1 year of storage.

2.6 Surface dipole

Different surface reconstructions of GaAs(100) in UHV change
its ionization energy by up to 0.5 eV, with more As-rich surfaces
showing higher values.”® This is due to the surface dipole
induced by the polar Ga-As bond. For the same reason, clean
GaAs(111)A and (111)B surfaces in UHV show work function*®
or electron affinity’” differing by several tenths of an eV.
However, after ion sputtering of GaAs(111), the surface potentials
no longer depend on the crystal face.’®*” Ion sputtering causes
the near-surface region to become completely amorphous, and
this observation is consistent with a loss of net surface dipole in
the non-crystalline region, independent of the underlying bulk
crystal structure. The behaviour of the (111)A, (111)B and (110)
oxidised surfaces measured here is similar, with the amorphous
native oxide layer suppressing any differences in the surface dipole
from bond polarity effects. Indeed, the absolute values of the
ambient work functions are only around 0.13 eV smaller than the
common amorphous-surface UHV work function (4.31 & 0.05 eV).
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This consistent difference is presumably due to the presence of
more electronegative oxygen within the amorphous surface layer.
However, the native oxide of GaAs(100) is apparently somewhat
different in nature, with a work function around 0.12 eV lower
than the other faces (Table 1). This is possibly due to bond
orientation or an excess of less electronegative Ga in the oxide
(Table 2) which results in a stronger net surface dipole and lower
work function.

The Helmholtz equation can be used to estimate the density

N of PEI-induced dipoles."®"*
N — AVeyer
u cos 0

(1)

In eqn (1), AV is the change in work function, ¢, and ¢, are
the relative and free space permittivities respectively, 6 is the
dipole direction relative to the surface normal and u is the
magnitude of the dipole. Then N is the number of dipoles per
unit area. We have taken ¢, to be 9 (based on experiment?), u as
1.72 D (assuming a C-N bond in neutral amine group®?), and
0 as zero. Across the surfaces studied, N lies in the range
8.7 + 1.1 x 10" m >, which we normalise to the GaAs(100)
unit mesh size and show in Table 1. The different crystal-
lographic primitive unit mesh sizes on the (111), (110) and (100)
faces are not relevant given the presence of the amorphous native
oxide, and GaAs(100) is chosen as a convenient normalisation.
The density lies in the range 1.2 to 1.6 neutral amine dipoles per
unit mesh. This is consistent with a densely packed monolayer of
PEI with a reasonably well defined adsorption geometry, having
N-C bonds oriented out of the surface plane, as proposed by
Zhou et al.'® The variation across the different crystal faces is
interesting and can be ascribed to a varying contribution of an
interface dipole due to charge transfer between the adsorbed PEI
and the substrate atoms. These contributions were calculated by
Zhou et al.*® for idealised interfaces, and were found to be similar
in magnitude for adsorption on Au and different ZnO surfaces. In
the present case, the variation is rather smaller than the absolute
values, i.e. the range is 1.4 & 0.2 dipoles per mesh. This can again
be ascribed to the presence of the amorphous oxide which largely
masks the polar bulk structure. Nonetheless some variation
remains, which may be due to different levels of electron transfer
to terminating O atoms from within the bulk GaAs. Similarly, the
effective dipole strength is around 10% larger after HCI etch on
GaAs(100). Replacing the Ga-rich native oxide with Ga-Cl
termination leads to increased electron transfer from N to the
surface atoms which adds to the interface dipole.

2.7 Surface doping

For a semiconductor, the local vacuum level relative to the band
edges, and hence measured CPD, depends on the location of
the Fermi level within the band gap, which varies with bulk
doping and temperature. Surface band bending also affects the
CPD, and for many materials the surface Fermi level is “pinned”,
or at least restricted to a narrow range of mid-gap energies. For
heavily n-doped GaAs,** the density of ionised surface acceptor
states is around 10" cm ™ and the surface Fermi level lies
between 0.5 eV above the valence band maximum and mid-gap.
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Fig. 6 Schematic energy level alignment for p-type GaAs with PEl acting
both as a surface dipole and surface donor. The horizontal direction is
depth, with the vertical line representing the sample surface. Dotted lines
show the Fermi and vacuum levels. Curves represent the bent band edges
for native oxide (blue) and oxide plus surface donor (green).

Conversely, on strongly p-doped GaAs far fewer surface states are
ionised and the surface charge density is two orders of magnitude
smaller, insufficient to firmly pin the surface Fermi level.>> A
extra surface donor adds to the density of pre-existing ionised
donor-like surface states and, except in the limit of strong
pinning, changes the surface Fermi level. This is illustrated
schematically in Fig. 6. Weak downward band bending at the
surface (blue curves) is increased by the addition of a PEI
surface donor (green curves) leading to a increase of ionization
potential and electron affinity by amount E,. This acts against
the work function reduction E; induced by the PEI surface
dipole, lowering the measured CPD reduction due to PEL
However, strong Fermi level pinning on n-type GaAs means that
there is a negligible change in the neutralisation of acceptor-like
surface states so that the CPD change measured is just E;. This
is consistent with our experimental observations in Fig. 4 where
the work function reduction is smaller on p-type regions of the
heterostructure by around 0.1 eV. More detailed calculations of
the electrostatics, e.g. using finite element methods to account
for screening and probe size in KPFM, would be required to
quantify this effect. However the present results highlight the
need to account for both surface doping and surface dipole
from PEI when considering the overall effect on CPD for a
semiconductor with weak surface Fermi level pinning.

3 Conclusions

Spin-coated PEI monolayers have been used to modify the work
function of GaAs. Work function reductions on the range 0.55
to 0.71 eV have been found dependent on the crystal face of the
GaAs. The strength of the surface dipole is consistent with the
presence of around 1.4 neutral amine dipoles per GaAs unit
mesh, plus a weaker interface dipole which varies with crystal
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face and surface termination. The work function reduction
degrades over time when samples are stored in air. Chemical
shifts of N 1s and C 1s measured in XPS for air-stored samples
are consistent with previously proposed reaction pathways between
PEI and CO, and H,0. Work function reduction persists even after
storage in air for 1 year. A smaller work function reduction on p-type
regions of a cleaved heterostructure can be explained by the surface
doping effect of PEI causing additional band bending, which
reduces the measured CPD. In general, both the surface doping
and surface dipole effects should be considered when semi-
conductor materials (both organic and inorganic) are treated
with electronically active asdorbates such as PEL

4 Experimental details

The samples used were cleaved from epi-ready wafers, and the
samples used for repeat measurements were all cleaved from
the same wafer. All the GaAs samples were n-type, silicon doped.
The bulk carrier densities were measured at room temperature
using the Hall effect in van der Pauw geometry, and these lay in
the range (1.4-5.4) x 10'® em . The change of bulk Fermi level
position over this carrier density range is less than 20 meV (see
ESIf) and so work function differences measured here are
due to surface effects. Samples were rinsed in a 1:1 acetone
and isopropanol mix before blow drying with dry nitrogen.
To remove GaAs native oxide, samples were submerged in a
2:1 H,0:HCI solution for 30 seconds before being thoroughly
rinsed in deionised water. They were then immediately measured
in the Kelvin probe or spin-coated with PEI For PEI coating, 0.1%
to 3.2% PEI into water (weight per volume) branched PEI solu-
tions were produced, with most samples treated using a 0.8%
solution. PEI was deposited using a spin coater from Ossila Ltd,
UK. Samples were spun up to 1000 rpm, then the PEI was
deposited at the start of a 60 s cycle at 5000 rpm, followed by
an 800 rpm cycle for 10 s. Samples were not annealed after PEI
coating. The GaAs heterostructure included Be-doped and
Si-doped layers with doping levels around 10" cm™3, 10'® cm™®
and 10" em ™3, and with thicknesses 200 nm to 250 nm. Additional
AlAs spacer layers were present: see ESL 7 for the full structure.
Work function measurements were performed in ambient
air using a commercial Kelvin probe system fitted with a 2 mm
gold tip. KPFM measurements were performed in nitrogen atmo-
sphere using a 20 nm tip diameter Pt-Ir probe. XPS measurements
were performed using a Kratos Axis Ultra DLD spectrometer with
monochromated Al k, X-rays. Further details of all three methods,
such as XPS fitting procedures and Kelvin probe tip work function
calibration/uncertainty quantification, are given in the ESL¥
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