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Abstract

We calculate a universal shift in work function of 59.4 meV per decade of dopant

concentration change that applies to all doped semiconductors and from this use

Monte Carlo simulations to simulate the resulting change in secondary electron

yield for doped GaAs.We then compare experimental images of doped GaAs lay-

ers from scanning electron microscopy and conductive atomic force microscopy.

Kelvin probe force microscopy allows to directly measure and map local work

function changes, but values measured are often smaller, typically only around

half, of what theory predicts for perfectly clean surfaces.
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1 INTRODUCTION

Doping is the intentional local change of the conductiv-

ity in semiconductors by adding impurity atoms and as

such this bandgap engineering forms the basis for all pn-

junctions found in diodes andmany field-effect transistors.

There have been numerous studies of secondary electron

(SE) imaging in scanning electron microscopy (SEM) of

doped semiconductor layers, mostly in Si1–13 but also a

few for SiC,14 InP,15–17 GaAs18–20 and,most recently, GaN.21

The central problem here has always been to predict and

interpret correctly the image contrast, though it was recog-

nised right from the beginning22 that under most imaging

conditions p-type layers appear bright18 and n-type dark,19

for which the origin of the secondary electron emission

fromdoped regions needed to be understood. As the escape

depth for secondary electrons is only a few nanometres,

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.

© 2024 The Authors. Journal of Microscopy published by John Wiley & Sons Ltd on behalf of Royal Microscopical Society.

the quality and cleanliness of the surfaces (oxidation, car-

bon contamination, passivation by chemical treatments)

and subsurfaces (disordering or amorphisation by ion

implantation) is paramount and must be investigated in a

reproducible manner, which the above studies on silicon

have already started to address.

2 THEORY

2.1 Universal work function shift

The Fermi level in a doped semiconductor lies between the

highest energy level Ev in the valence band and the lowest

energy level Ec in the conduction band, roughly in the cen-

tre of the bandgap for intrinsic or very low doping levels.

Its dependence on temperature T and doping levels can be

J. Microsc. 2024;1–9. wileyonlinelibrary.com/journal/jmi 1



2 GUO and WALTHER

described by the following relationship if all dopants are

ionised23:

𝐸𝐹 =
1

2
(𝐸𝑣 + 𝐸𝑐) +

3

4
𝑘𝑇 ln

𝑚∗
𝑝

𝑚∗
𝑛

± 𝑘𝑇 arsinh
𝑁𝐷,𝐴

2𝑛𝑖
,

(1)

where k is the Boltzmann constant, T the absolute temper-

ature,m*p,n are the effective masses of holes and electrons

respectively, ni is the intrinsic charge carrier density, ND
the density of donor ions and NA the density of acceptor

ions. For n-dopingND is used with the+ sign, for p-doping

NA is used with the – sign in front of the inverse hyperbolic

function.

The shift in Fermi level between two differently doped

n-regions of the same material at the same temperature is

thus

Δ𝐸𝐹 = 𝐸𝐹,1 − 𝐸𝐹,2 = 𝑘𝑇 arsinh
𝑁𝐷,1

2𝑛𝑖
− 𝑘𝑇 arsinh

𝑁𝐷,2

2𝑛𝑖
,

(2)

where we can use the identity

arsinh 𝑥 = ln
(

𝑥 +
√

𝑥2 + 1
)

(3)

and the approximation

arsinh 𝑥 ≈ ln (2𝑥) (4)

for large values of x = ND,A/(2ni), hence

Δ𝐸𝐹 ≈ 𝑘𝑇 ln
𝑁𝐷,1

𝑛𝑖
− 𝑘𝑇 ln

𝑁𝐷,2

𝑛𝑖
= 𝑘𝑇 ln

𝑁𝐷,1

𝑁𝐷,2
. (5)

For p-doping the equivalent term of 𝑘𝑇 ln
𝑁𝐴,2

𝑁𝐴,1
(with

opposite sign) is obtained. For larger n-doping, the Fermi

level shifts upwards within the bandgap of bulk mate-

rial, for larger p-doping downwards. When two differently

doped regions are brought into contact, then the Fermi lev-

els equilibrate and the band-structures are adjusted so that

the Fermi levels are equal on both sides, implying that the

band-edges shift downwards in the n-region and upwards

in the p-region. Hence, the shift of the work function, 𝑒𝜙,

is equal in size but opposite in direction to the shift of the

Fermi levels in the bulk, that is, for two differently n-doped

regions

𝑒 Δ𝜙 = −Δ𝐸𝐹 ≈ 𝑘𝑇 ln
𝑁𝐷,2

𝑁𝐷,1
, (6)

so that the work function increases with n-doping and

decreases with p-doping. This result is universal for all

materials and means that if the active n [p]-doping is

enhanced by exactly one order of magnitude (a decade, i.e.

𝑁𝐷,2

𝑁𝐷,1
= 10) then the change in surface potential predicted

is Δ𝜙 = 2.3kT/e= 59.4mV at room temperature. This holds

for all kinds of doped semiconductors if the dopants are

electrically active. If the work function is increased by n-

doping, it will be harder for secondary electrons to leave

thematerial, so SE intensitywill be decreased; for p-doping

the work function is lowered, SEs can easier escape from

the surface and the SE intensity increases. This is the gen-

eral origin of doping contrast in SE imaging, though there

have been speculations that other effects such as charging,

fringing fields etc.22,20,6,9 might also be relevant.

In the following section, we simulate the influence of

the work function shift with doping on the SE yield of

GaAs measured in SEM in Section 3.2, and in Section 3.3

we explore the direct measurement of work function shift

by Kelvin probe force microscopy (KPFM) in an atomic

force microscope (AFM). In principle, scanning capaci-

tance microscopy (SCM) in an AFM could provide higher

spatial resolution maps than KPFM, due to the smaller

tip-sample distance, but quantification of the amplitude

signal (i.e. converting measured capacitances into car-

rier concentrations) is quite complex and needs extensive

modelling.24,25 The total capacitance measured is made

up of contributions from the apex of the tip, the cone

of the tip and the cantilever25 (so the tip geometry must

be accurately measured, e.g. by SEM imaging), the sur-

face oxide layer (whose thickness and permittivity need

to be estimated24) and the semiconductor probed under-

neath (whose carrier concentration is to be calculated).

This approach was therefore not followed for GaAs here.

2.2 Monte Carlo simulations

CASINO v3.3 is a Monte Carlo simulation software26 that

models multiple elastic and inelastic electron scattering,

down to a cut-off energy at 50 eV and allows SE and

back-scattered electron (BSE) yields to be calculated for

materials as function of their density (ρGaAs = 5.32 g/cm3),

plasmon energy (Ep,GaAs = 15.8 eV) and work function, φ.

So we have modelled the BSE yield and the SE yields for

doped GaAs as a function of the shift of the work func-

tion from the value of e𝜙GaAs,I = 4.69 eV for intrinsic

GaAs, using the above shift of the work function from

Equation (6).While the BSE yield is independent of doping

and reaches a wide plateau around 0.36–0.37 for energies

between 0.6 and 3 keV, the SE yield varies significantly

with doping, as shown in Figure 1, reaching values well

above unity around primary electron energies of 0.15–

0.2 keV. For these low energies, the SE/BSE ratio therefore

peaks at about 9.2 for 0.15 keV, 6.6 for 0.2 keV and 4.6 for

0.3 keV.
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GUO and WALTHER 3

F IGURE 1 Monte Carlo simulation of BSE and ideal SE yield

for GaAs versus acceleration voltage for different doping levels (ni =

2 × 106 cm−3, n = p = 2 × 107 cm−3, n+ = p+ = 2 × 1018 cm−3). BSE

yield (blue) is unaffected by doping.

These simulations thus make the case for low-kV SEM

operation in the range 0.15–0.5 keV where the SE yields

are high and differ significantly as function of doping

level, while the BSE yield is low (and hence generation

of problematic SE2 and SE3 type electrons generated by

BSEs from sample and vacuum chamber, respectively,

would be minimal). There should thus be no need for

energy filtering or biasing as a means of BSE suppres-

sion as has been previously suggested ought to be used

for dopant mapping.1,11 The expected contrast from p-

doping would be +2.8±0.2% per decade, the predicted

contrast from n-doping is – 2.0±0.1% per decade, over

the range of acceleration voltages from 0.06 kV to 10 kV,

so that full quantification may be possible for all doping

levels.

Figure 2 displays a double-logarithmic plot of the max-

imum electron penetration depth versus primary electron

energy. For energies ≤0.1 keV (red filled squares) the pen-

etration depth is <1 nm and so the electrons will not be

able to penetrate even very thin surface oxide or contam-

ination layers. For energies of 0.12–0.15 keV (orange filled

squares) the penetration depth is just 2–5 nm, which corre-

lates well with the typical escape depths predicted for SEs

in Si.9,12 For energies in the range of 1–2 keV (grey filled

squares) as used in most studies in the literature and also

in Figure 3 the penetration is already 20–55 nm,making the

signal less surface sensitive but also degrading the lateral

resolution by sidewards straddling due to multiple scatter-

ing to widths of more than 10 nm. Energies in the range

0.3–0.5 keV (yellow filled squares) should form the best

compromise, withmaximum SE penetration of 5.5–8.5 nm,

although 0.15–0.20 keV (orange filled squares) would have

F IGURE 2 Plot of maximum electron penetration into GaAs

versus acceleration voltage.

TABLE 1 Layer structures investigated.

Structure

Nominal

thickness p-doping n-doping

Layer 3 200 nm 1.6 × 1019 cm−3 9.0 × 1017 cm−3

Layer 2 200 nm 5.6 × 1018 cm−3 1.2 × 1018 cm−3

Layer 1 200 nm 2.8 × 1018 cm−3 2.1 × 1018 cm−3

Buffer 500 nm (p) or

300 nm (n)

1.0 × 1018 cm−3 3.7 × 1017 cm−3

Substrate 350 µm i i

Note: Nominally undoped layers are listed as intrinsic (i).

given a slightly higher SE/BSE yield ratio according to

Figure 1.

3 EXPERIMENTAL SECTION

3.1 Epitaxial growth

Two GaAs(001) wafers with doping staircases as listed in

Table 1, one with three p-doped layers on a p-type buffer

and one with three n-doped layers on an n-type buffer

layer, were grown by molecular beam epitaxy in a VG V90

chamber and calibrated by electrical measurements in the

National Epitaxy Facility at the University of Sheffield.

Similar layers were used to fabricate efficient light emit-

ting diodes. Be was used as p-dopant, Si as n-dopant.Wafer

pieces were back-thinned to 100–200 μm thickness and

then cleaved and stored in evacuated plastic containers

with silica gel before being transferred to the microscopes

to keep the native oxide as thin as possible (about 1–

1.5 nm).27,28 During times of high humidity in the autumn

and winter months, longer storage in air could lead to

decomposition of the native oxide.
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4 GUO and WALTHER

F IGURE 3 In-lens SE images recorded of Be-doped p-GaAs

with different SEM instruments: Raith EO at 1 keV (A), Raith EO at

2 keV (B) and Hitachi Regulus 8100 at 1.5 keV and with +1.5 V on

the signal electrode within the objective pole-piece, which

eliminates BSEs and all SEs with energies below 1.5 eV, giving

almost exclusive SE1 signals as modelled in Section 2.2. Sampling is

7.1 nm/pixel for (a, b) and 8.8 nm/pixel for (C). Growth direction is

from left to right. p-Doped layers appear bright (positive contrast).

3.2 Scanning electron microscopy

We have used various field-emission SEM instruments

with in-lens detectors from different manufacturers and

in the following report results only from two where clear

F IGURE 4 Line traces of vertically integrated SE intensities

from Figure 3.

SE images of the doped layers could be obtained at 1–

2 keV, using either Raith EO or Hitachi Regulus SEM

instruments. The examples of in-lens SE images shown in

Figure 3 and 4 illustrate that positive doping contrast can

be obtained from p-doped GaAs but the image contrast is

weak for 1–2 keV primary energies and depends heavily on

the set-up of any small internal bias applied to electrodes

within the objective lens pole-piece,making quantification

very difficult and prone to errors. The dotted vertical lines

in Figure 4 are the positions of the inflection points of the

line traces, which correspond to the interfaces of the var-

ious layers in the doping staircase sample and allow the

thicknesses of the lightly doped buffer layer (512 ± 18 nm

instead of nominal 500 nm) and the three more heavily

doped layers in the staircase sample (203 ± 11 nm instead

of nominal 200 nm) to be measured with an accuracy lim-

ited by both the depletion width of the built-in potential of

the pn-junctions10,12 and the effective SE resolution. The

absolute intensities, however, cannot be easily interpreted:

without any bias on the focusing electrodes, each of the

top p-layers gives 3–4% contrast relative to the layer directly

beneath, with bias on the focusing electrodes the contrast

is much higher than our simulations predict.

Doping contrast from n-doped GaAs has been much

harder to obtain, for three reasons: first, because the dop-

ing staircase in this case has an inverted order, having

the highest doped layer grown first and then layers of

reduced doping levels nearer the surface; second, because

the experimental doping levels in the layers are slightly

lower (cf. Table 1) and, third, Figure 1 indicates that SE1

contrast for n-doping is actually a little smaller than for

the same levels of p-doping if the doping levels are high,

because the same shifts of work function lead to slightly

asymmetric effects on the SE yield, which has not been
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GUO and WALTHER 5

F IGURE 5 In-lens SE images of Si-doped n-GaAs recorded

with different SEM instruments: Raith EO at 1 keV, 4.5 nm/pixel (A)

and Hitachi Regulus 8100 at 1 keV, 5.78 nm/pixel (B). Layers are

barely visible and appear dark (negative contrast).

reported in the literature so far, the shift upwards for p-

type being slightly stronger than the corresponding shift

downwards for n-type.

So far, we have not been able to perform useful exper-

iments at acceleration voltages lower than 1 kV because

the chromatic probe spread in our SEM instruments pre-

vented us to obtain meaningful data. As the resolution due

to chromatic aberration is generally given by29

𝑑𝑐 = 𝐶𝑐 𝛽 Δ𝐸∕ (𝑒𝑈) , (7)

work at low voltages U will necessitate at least one of the

following modifications to a standard SEM instrument,

because for typical values of Cc = 8 mm, β = 0.01, ∆E =

0.8 eV, U = 300 V, the chromatic broadening would be

much larger than our thinnest layers are wide (200 nm):

i. inclusion of a chromatic aberration corrector to reduce

the aberration constant Cc,

ii. inclusion of a monochromator to reduce the primary

energy width ∆E of the probe,

iii. inclusion of a tiny condenser aperture to bring the

beam convergence angle β close to the diffraction limit

(≈1.5 mrad would be needed at U = 0.3 kV).

This has not been possible so far; however, work along

point iii is planned by the corresponding author as being a

much cheaper option than would be following routes i or

ii.

3.3 Atomic force microscopy

The CSI Nano-Observer is a versatile atomic force micro-

scope and has been used at the manufacturer site in

Les Ulis near Paris, France, to study the p-doped sample

as described below. Using a metal-coated sharp conduc-

tive tip, the AFM can be used to measure the current

between the tip for constant bias and then directly cal-

culate the resistance from Ohm’s law. The key problem

in this type of contact-mode conductive AFM (c-AFM)

is that the resistance and hence the current can rapidly

change over many orders of magnitude when the tip is

scanned over a semiconducting surface, so the current

detecting operational amplifier must be able to adjust its

transimpedance very quickly. For a doping staircase in sil-

icon this and microwave reflectivity measurements have

directly allowedmapping of the resistivity, capacitance and

doping density of several µmwide layers.30

Another possibility of electrical measurements is pre-

sented by tapping-mode electrical force measurements

called Kelvin probe force microscopy (KPFM) where the

oscillating tip and the sample form a capacitor that stores

an amount of electric energy given by

𝑊 =
1

2
𝐶𝑉2

𝑡𝑖𝑝
, (8)

where C is the local capacitance and

𝑉𝑡𝑖𝑝 = 𝑉𝐷𝐶 − 𝑒 Δ𝜙 + 𝑉𝐴𝐶 sin 𝜔𝑡 (9)

is the voltage between tip and sample, which is given by

the applied bias with DC and AC components and the sur-

face potential 𝜙. The electric force between tip and sample

surface along the vertical direction z then is

𝐹 = −
𝜕𝑊

𝜕𝑧
= −

1

2

𝜕𝐶

𝜕𝑧
𝑉2
𝑡𝑖𝑝

(10)

and inserting Equation (9) into Equation (10) gives

𝐹 = −
1

2

𝜕𝐶

𝜕𝑧

(

𝑉𝐷𝐶 −
1

2
𝑉2

𝐴𝐶 − 𝑒𝜙

)2

−
𝜕𝐶

𝜕𝑧
(𝑉𝐷𝐶 − 𝑒𝜙)𝑉𝐴𝐶 sin𝜔𝑡 +

1

4

𝜕𝐶

𝜕𝑧
𝑉2

𝐴𝐶 cos 2𝜔𝑡, (11)
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6 GUO and WALTHER

F IGURE 6 c-AFM of Be-doped p-GaAs with 2.6 µm long × 0.8 µmwide maps of topography with height scale bar in sepia (A), current

(B), resistance (C) and KPFM from another area of the same wafer, with green-purple scale bar of work function in volts (D). Growth

direction is left to right, with the surface at ≈300 nm from the right edge.

where the first term is a static component, the second an

oscillation with base frequency ω and the third an oscilla-

tionwith double frequency, 2ω. If the second term is nulled

by feedback, then one gets directly VDC = e𝜙 from which

the surface potential 𝜙 can be obtained. Figures 6–8 depict

maps and profiles of topography, current, resistance and

surface potential for the p-doped GaAs sample.

Figure 6A shows the cleaved surface is smooth but

inclined at a tiny angle of ≈2◦ to the horizontal. Figure 6B

and C are false colour maps of current and resistance,

respectively, line traces of which are plotted in Figure 7.

The buffer and all three doped layers are well visible in

Figures 6b and c and 7; the layer on top the highest doped

layer (green in Figure 6B and C) varies in apparent width

between a single pixel (≈10 nm) and 60 nm and is presum-

able representing the AFM tip going first over the native

oxide and then descending steeply over the wafer edge.

KPFM study of 10 µm wide p-Si layers after HF sur-

face treatment7 only gave 30 meV surface potential shift

for 10 times higher doping levels, which is exactly half

the value expected from Section 2.1. Here, we observe a

shift in Figure 8 of about 430 meV between the substrate

and the top two layers (which themselves cannot be really

distinguished in Figure 6D despite a factor of almost 3×

in their nominal doping levels). Based on the values in

Table 1, Δ𝜙 should have given individual shifts of 0.74–

0.77 V in the highest doped layers compared to an intrinsic

substrate, indicating the need for an external calibration

of the doping in the top two p-layers and also an estimate

of the doping level in the nominally undoped (intrinsic)

substrate. The shift between the two top layers themselves

should have been 29 mV while the 7–9 mV measured are

close to the experimental noise level. The overall widths of

the interfaces in KPFM mode appear to be wider than in
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F IGURE 7 Vertically integrated line profiles of current (at constant bias of 1.8 V) and resistivity maps shown in Figures 6(B, C). The

resistance lies in the MΩ to GΩ range so values have been divided by 1015 (i.e. plotted in units of 1015 Ω = TΩ) to fit into the same range for

display. Dotted lines again indicate inflection points. Sampling: 9.77 nm /pixel.

F IGURE 8 Line profile of surface potential map shown in Figure 6(D). Sampling: 19.5 nm/pixel.

the resistivity measurements, which can be explained by a

decreased spatial resolution in tapping mode compared to

contact mode. We estimate the effective spatial resolution

in Figures 6D and 8 to lie in the range of 100–200 nm. No

useful measurement of the n-doped wafer has been made

by AFM, the corresponding samples having shown exces-

sive dust from cleavage accumulating on a high number of

cleavage steps.

4 DISCUSSION AND CONCLUSION

An interpretation of the SE line traces in Figure 4 necessi-

tates an extrapolation of intensity from the GaAs substrate

region to the wafer edge to serve as reference, which needs

to take into account the slight bending observed (convex

for the Raith EOwhile slightly concave for theHitachi Reg-

ulus). The SE intensity increase in % measured for buffers
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TABLE 2 SE intensity analysis of p-type layers based on Figures 1 and 4.

Relative SE intensity

increase (%) Decades of doping increase Measured p-doping (cm−3)

Structure

Nominal p-doping

(cm−3) Raith Hitachi Raith Hitachi Raith Hitachi

Layer 3 1.6 × 1019 17 ± 4 148 ± 11 6.07 52.86 6.0 × 1019 –

Layer 2 5.6 × 1018 15 ± 2 134 ± 9 5.36 47.86 1.8 × 1019 –

Layer 1 2.8 × 1018 13 ± 2 117 ± 8 4.64 41.79 2.2 × 1018 4.4 × 1022

Buffer 1.0 × 1018 12 ± 2 104 ± 8 4.29 37.14 Reference

Substrate i Reference – Reference

and thin layers relative to the nominally undoped sub-

strate can then be calculated and quantified with the help

of Figure 1 (2.8±0.2% increase of SE1 signal per decade

increase of p-doping). Results are shown inTable 2.Herein,

data for 1 and 2 kV from the Raith EO microscope have

been combined, and for the final column the buffer layer

has been used as reference because it was unclear whether

the nominally undoped substrate would really have a car-

rier concentration as low as the intrinsic value of ni =

2 × 106 cm−3 tabulated for GaAs.

It is clear from Table 2 that the low-contrast SE images

from the Raith EOmicroscope yield reasonable values that

differ from the nominal ones by up to a factor of×3.8, while

the data from the Hitachi Regulus would give far too high

values (for the two top layers thesewould actually lie above

bulk density). A careful inspection of the raw image data

shows that the SE intensity from the vacuum seems to have

been clipped at zero where it may have gone negative oth-

erwise, having cut-off a substantial background, which in

turn led to an artificially high apparent contrast. It is also

clear that for a variation of the nominal doping level by a

factor of maximal ×16 between buffer and top layer, our

simulations would have suggested to expect only a maxi-

mum contrast of 4.5% at 1–2 kV, which is lower than what

has actually been measured by both instruments, indicat-

ing the need to expand the doping range for calibration of

experimental contrast levels.

The low contrast from the n-doped GaAs even at 1 keV

shown in Figure 5may be due to a combination of the over-

all lower SE1 yield of n+-doped material (cf. Figure 1) as

well as the relative highBSE yieldwhich can generate addi-

tional SE2 proportional to the BSE yield and thus reduce

contrast further.

Our simulations suggest that sub-kV imaging at about

0.3 kVusing in-lens SEdetectorsmay improve the SE1/BSE

yield and thus the contrast in dopant mapping of semi-

conductors compared to the 1–5 kV primary SEM voltages

typically being used at the present. 0.3 kV and 2.6 kV were

identified earlier as the most suitable voltages to reduce

charging in GaAs.31 Type-2 SEs (so-called SE2s that are

produced by BSEs rather than directly by the primary

electrons) have been used in (4) to image highly doped

layers but generally reduce image contrast. The angu-

lar collection range of the SE detector,3 trapped surface

charges9 and various surface effects, such as carbonaceous

overlayers,8,15 surface oxides,9 subsurface damage due to

mechanical tripod polishing,5,14 chemical etching11 and ion

beam damage due to argon ion milling16 or focused Ga+

ion beam milling,13 have all been identified previously to

reduce the contrast relative to the best surface prepara-

tion available, which is by cleavage. So doping mapping

will only become fully quantitative and reproducible in

different laboratories once one uses calibrated test struc-

tures and also defines standard operation procedures for

specimen handling, where cleavage is the preferred option

for sphalerite semiconductors as it yields the highest

contrast.
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