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Model for doping-induced contrast in photoelectron emission microscopy
V. W. Ballarotto,a) K. Siegrist, R. J. Phaneuf, and E. D. Williams
Laboratory for Physical Sciences and Department of Physics, University of Maryland,
College Park, Maryland 20740

~Received 17 July 2001; accepted for publication 3 October 2001!

We present a model that describes doping-induced contrast in photoelectron emission microscopy by
including the effect of surface state distributions and doping-induced band gap reduction. To
quantify the contrast, the photoyield from the valence band for near-threshold photoemission is
calculated as a function ofp-type doping concentration in Si~001!. Various surface state distributions
appropriate for a native-oxide covered Si device are investigated in order to determine the effect on
doping-induced contrast. The lower limit on the number of surface states necessary for
doping-induced contrast to occur is approximately 531013 cm23. An interesting result is that
neither the position nor the energy distribution of the surface donor states affects the contrast, which
corresponds to approximately a factor of 2 change in intensity for each decade change in doping
density. However, the overall intensity increases with any one of: increased surface state density,
narrowing of surface state distribution, or increased energy of surface states with respect to the
valence band. The band bending profile generated by the model predicts that doping-induced
contrast will be affected by varying the incident photon energy. Experimentally, we verify this
prediction by imaging with photon energies between 4.5 and 5.2 eV. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1423399#
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INTRODUCTION

To gain an understanding of photoelectron emission
croscopy~PEEM! contrast relevant for semiconductor d
vices, we have quantitatively studied a simple device t
produces only one type of contrast, namely, doping-indu
contrast.1,2 Figure 1 is a PEEM image of ap–n junction
array that makes up the device. This is a straightforw
illustration of doping-induced contrast in silicon. The vertic
B-doped lines have a concentration of 1018 cm23 and the
horizontal B-doped lines are 331019 cm23. Clearly, the 3
31019 cm23 lines are brighter than the 1018 cm23 lines,
creating contrast with respect to each other as well as w
the n-type substrate. Interpretation of the observed cont
requires a model that takes into account the effect of dop
on the photothreshold of silicon.3,4

In our previous work, we used a model based on ba
bending principles to describe the photothreshold dep
dence on doping.1,2 The model predicts that the magnitude
upward band bending in silicon increases as the boron c
centration increases. As a result, the contrast observe
PEEM images of Sipn devices can be modeled reasonab
well. However, the model is incomplete in that it does n
include a realistic distribution of surface states nor doe
adequately address degenerate doping. Therefore, it is n
sary to develop a more physical model of doping-induc
contrast.

We present here a general model that is an extensio
the one we suggested previously. In addition to a more ac
rate calculation for a degenerately doped semiconductor
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surface state distribution can be chosen to represent the
dition of the sample. We investigate how different surfa
state distributions for a native-oxide covered silicon dev
affect doping-induced contrast in PEEM. The effect of va
ing the incident photon energy on the predicted dopin
induced behavior is also examined experimentally with
tunable light source.

EXPERIMENT

Imaging was done with spontaneous coherent radia
from the Duke University UV free electron laser~FEL!. Data
at the FEL was obtained using photon energies ranging f
4.5 to 5.2 eV with a focused intensity of 10 W/cm2. The
output spectrum of the FEL is nearly Gaussian with a f
width at half maximum of approximately 0.13 eV.5 The
background pressure during imaging is roughly 5310210

Torr.
The samples used consisted of a lightlyn-doped Si sub-

strate~P, 1014 cm23), patterned and ion implanted to crea
regions of differentp doping~B, 1017–1020 cm23 in the near
surface region!. The sample fabrication techniques have be
described previously.2,6

Data were acquired using a commercial PEE
instrument.1,5 A chevron-type multichannel plate is used
intensify the images roughly 1 000 000 times. A 12-b
charge-coupled device camera is used to record images
can be stored in either 16-bit tif or 8-bit bmp file formats. T
make quantitative assessment of the PEEM intensity fr
each set of doping levels, sets of parallel line scans w
measured from the image data. Typically, enough lines w
averaged to produce an intensity profile with a rms fluct
tion that is less than 1% of the average intensity from
n-type region.
il:
© 2002 American Institute of Physics
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THEORY

In order to model doping-induced contrast, it is nec
sary to understand the variation in photoyield as a funct
of doping concentration. To accomplish this, we consi
near-threshold photoemission. For indirect, near-thresh
optical transitions, the photoyieldY from the valence band7

can be expressed as

Y~hn,N!5CNE ~hn2ET~x,N!!5/2e2x/ ldx, ~1!

wherehn is the photon energy andET(x,N) is the photo-
threshold as a function of depthx and doping concentration
N. The constantCN depends on the incident flux and th
excitation cross section. The reduced escape depthl is given
by 1/l 51/l a11/l e , where l a(;62 Å! is the absorption
length andl e(;25 Å! is the electron escape depth.

To determine the depth dependence of the photothr
old, we need to solve Poisson’s equation in the space ch
region to find the valence band profileDE(x). The depth
dependent photothreshold is defined as

ET~x,N!5Egap~N!1x2DE~x!, ~2!

whereEgap(N) is the band gap as a function of bulk dopin
N, and x is the electron affinity. The valence band profi
DE(x) is implicitly dependent on the doping concentratio
For a lightly doped semiconductor the bands are fl
whereas the band curvature increases as the doping
increases. Figure 2 is an illustration of the band bending
p-type semiconductor, which produces a depth depend
photothreshold. Notice that the energy necessary for a p
toelectron to escape the top of the valence band and ente
vacuum decreases with bulk depth.

Another effect of increased doping concentration is
broadening of the impurity states near the band edge.
sufficiently high concentrations, the states merge with
continuous band resulting in a reduction of the band gap8,9

Since we are studying heavily doped silicon, it is necess

FIG. 1. PEEM image of lateral array ofpn junctions illustrating doping-
induced contrast in Si~001!. The vertical lines are 1018 cm23 B doped. The
horizontal lines are 331019 cm23 B doped. The field of view is'40 mm.
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to use the reduced band gap in determining the photothr
old as a function of doping concentration. From Wagne
published data,8 the band gap for boron-doped silicon is r
duced by approximately 50 and 160 meV for 1018 and 1020

cm23, respectively.
The band profileDE(x) can be expressed in terms of th

local potentialV(x)

DE~x!5Evb2Evs2eV~x!, ~3!

whereEvb is the bulk valence band level,Evs is the surface
valence band level, ande is the positive electric charge. In
the bulk, the potentialVb[V(x→`) is set to zero, while
potentialVs is defined asV(x50). We use the subscriptss
and b throughout to represent the surface and bulk, resp
tively. The magnitude of the band bending can be descri
by the potential difference between the surface and the b
For brevity and consistency with others,10–12 we use the di-
mensionless quantities

v~x!5eV~x!/kT, u~x!5~EF2Ei~x!!/kT

and

wp,q5~Ep2Eq!/kT.

In this dimensionless form, the magnitude of the band be
ing is simply given byvs since the bulk potentialvb is iden-
tically zero.

Poisson’s equation in normalized units is expressed

d2v

dx2
5

2e

ee0kT
@rd1ra1e~p2n!#. ~4!

Here the concentration of charge donor sitesrd and the con-
centration of charge acceptor sitesra are given by

FIG. 2. Band bending diagram forp-type semiconductor with parabolic
surface state distribution centered at charge neutrality levelEb . The band
profile DE(x) increases with bulk depthx. As a result, the photothreshold
ET(x) decreases asx increases.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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rd5
eNd

112 exp@~EF2Ed!/kT#
,

ra5
2eNa

112 exp@~Ea2EF!/kT#
.

Ed and Ea are the donor and acceptor impurity ionizatio
energies, respectively. For boron in Si, the ionization ene
Ea is approximately 46 meV. According to calculations do
with Profile,13 the impurity concentrationsNa and Nd are
uniform in the region sampled by PEEM. Since we are int
ested in photoemission from semiconductors that are hea
to degenerately doped, the mobile charge carrier concen
tions p andn are given by

p54p~2mp* kT/h2!3/2F1/2~wv,i2v2wF,ib!,

n54p~2mn* kT/h2!3/2F1/2~v1wF,ib2wc,i !,

where the subscripti refers to the intrinsic energy level an
the Fermi–Dirac integralF j (h) is

F j~h!5E
0

` e j de

11exp~e2h!
.

We follow the procedure outlined in Refs. 10–12
solve Eq.~4!. With this approach, it is necessary to determ
the magnitude of the band bendingvs required to maintain
charge neutrality given the distribution of surface states. T
surface state charge densityqss and the space charge dens
qsc are computed, usingvs as a parameter, so that the cond
tion

qss1qsc50 ~5!

is met. Once the proper value ofvs necessary for neutrality is
found, Poisson’s equation can be solved to give the poten
as a function of bulk depth. Then, the valence band pro
DE(x) can be determined which in turn gives the depth
pendence of the photothresholdET(x).

The charge density in the surface states in the most g
eral sense is given by

qss5eE Dsd~E!@12 f d~E2EF!#dE2eE Dsa~E! f d~E

2EF!dE, ~6!

whereDsd(E) is the distribution of donor-like surface state
Dsa(E) is the distribution of acceptor-like surface states, a
f d is the Fermi–Dirac function. The argument of the Ferm
Dirac function for ap-type semiconductor can be express
in terms ofvs as

~E2EF!5~E2Evs!2vskT1kT ln~Na /Nv!,

whereNv51.8231019 cm23 is the effective density of state
in the bulk valence band.14 For a n-type semiconductor the
argument becomes

~E2EF!5~E2Ecs!2vskT2kT ln~Nd /Nc!,

whereNc52.7931019 cm23 is the effective density of state
in the bulk conduction band.14 A linear interpolation of the
Downloaded 15 Oct 2002 to 129.2.41.111. Redistribution subject to AI
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data published by Allen and Gobeli3 is used to determine the
position of the bulk Fermi level when the sample is dege
erately doped.

We assume the density of states will be the same for
doping levels. We also assume that the total number of
face states cannot exceed the surface atomic density w
for Si is approximately 6.831014 cm22. Experimental evi-
dence suggests that the density of surface states for ox
covered Si~001! is U-shaped.15–17Thus, we consider the cas
of a parabolic distribution

Dss~E!5C1~E2Eb!21C2 , ~7!

centered about the charge neutrality levelEb to calculate the
surface state charge densityqss. The charge neutrality leve
which acceptor-like states lie above and donor-like states
below is located 0.36 eV above the surface valence band
Si.18 The coefficientC251.7231012 cm22 eV21 was deter-
mined from Angermann’s published data.17 We vary the co-
efficientC1 to produce the desired magnitude of surface st
densityNss. The full width of the surface state distribution
defined as 2z as shown in Fig. 2.

In the case of discrete surface states, the surface s
are positioned at a fixed energy level in the gap. We con
ered energy levels from 0.15 to 0.33 eV above the vale
band maximum at the surface for the donor-like states a
ciated with a surface oxide. The surface state charge den
now becomes

qss5eNsd~12 f d~E2EF!! ~8!

whereNsd is the total number of surface donor states.
To determine the space charge density, we note thatqsc

is given by

qsc5~ee0kT/e!~dv/dx!surface. ~9!

By integrating Eq.~4! and setting (dv/dx)bulk50, the space
charge density in terms ofvs is10

qsc5
ee0kT

eLD
FNd

ni
lnS 111/2 exp~wd,i2vs2ub!

111/2 exp~wd,i2ub! D
1

Na

ni
lnS 111/2 exp~vs1ub2wa,i !

111/2 exp~ub2wa,i !
D

2
2

3F1/2~wv,i !
@F3/2~wv,i2ub!2F3/2~wv,i2vs

2ub!#1
2

3F1/2~wi ,c!
@F3/2~vs1ub2wc,i !2F3/2~ub

2wc,i !#G1/2

.

The Debye lengthLD is defined as

LD5S ee0kT

2e2ni
D 1/2

andni is the intrinsic carrier concentration given by

ni54p~2mn* kT/h2!3/2F1/2~wi ,c!~electrons!

54p~2mp* kT/h2!3/2F1/2~wv,i !~holes!.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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With qss andqsc defined in terms ofvs , we can now use Eq
~5! to find the magnitude of band bending required for ne
trality.

Since the quantities on the right side of Eq.~4! depend
only on vs , integrating twice gives the potential as a fun
tion of bulk depth. This solution along with Eq.~3! gives the
valence band profile which in turn determines the depth
pendent photothreshold for a given doping concentration

To calculate the measured photoyield given the dep
dependent photothreshold, Eq.~1! must be integrated ove
the available photon energies found in the light source

Ytot}E g~hn!Y~hn!dhn, ~10!

whereg(hn) represents the distribution of photon energi
As mentioned earlier, we use a Gaussian distribution wit
full-width at half maximum of 0.13 eV to model the photo
energy distribution from the Duke University FEL.5

In summary, the computation for B-doped silicon is do
by first choosing a doping concentrationN and surface state
densityNss. Equation~5! is then solved using either Eqs.~6!
or ~8! and Eq.~9! to find vs . Then, Poisson’s equation@Eq.
~4!# is solved to generate the band bending profileDE(x).
With DE(x) known, Eq.~2! can be substituted into Eq.~1! to
find the photoyieldY for a given photon energy, doping leve
and surface donor concentration. Comparing the photoy
from Eq.~1! for each doping concentration of interest allow
us to quantify the resulting contrast.

RESULTS

We first consider the case of modeling the surface st
with a parabolic function@Eq. ~7!# centered about the charg
neutrality levelEb . The photoyield was calculated at ea
experimental B doping level for a range of surface state d
sities Nss51013to 631014 cm22. Several values of the dis
tribution width, z50.05, 0.10, 0.15, and 0.20 eV, were al
evaluated. For each value of the density of surface st
Nss, the band bendingvs was calculated as a function of th
bulk doping concentrationNa . Table I shows the range ofvs

for four different surface donor concentrations whenz
50.20 eV. If the surface donor state densityNsd>431013

cm22 (Nsd5Nss/2), the magnitude of the band bending i
creases as the boron doping level increases. As a resul
absolute photoyield increases as the doping levelNa in-
creases from 1017 to 231020 cm23 as shown in the uppe
three curves in Fig. 3~a!. For a density of surface donor

TABLE I. Magnitude of band bendingvs for parabolic surface state distri
bution Dss(E) with different surface donor concentrationsNsd when z
50.20 eV.

Na

~cm23)
Nsd51013

~cm22)
Nsd5431013

~cm22)
Nsd5531013

~cm22)
Nsd51014

~cm22)

1017 5.06 6.42 6.63 7.28
1018 5.11 7.11 7.41 8.29
1019 4.57 7.98 8.39 9.54
1020 2.98 9.21 9.87 11.5
231020 2.58 9.83 10.8 12.8
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Nsd,431013 cm22, the surface states become depleted
electrons for modest doping levels. Thus for higher dop
levels, increased charge transfer is not possible. The ma
tude of the band bending will decrease with increasing d
ing becausevs is now inversely proportional toNa . As a
result, the photoyield no longer increases monotonically w
doping concentration. Figure 3~a! depicts the transition from
nonmonotonic to monotonic behavior in the photoyield a
function of doping concentrationNa . For the case when the
parabolic distribution widthz50.20 eV, monotonic behavio
of the photoyield occurs over the entire doping range of
terest when the number of surface donorsNsd is increased
from 431013 to 331014 cm22.

The width of the continuous distributionz was varied so
that the end points ofDss(E) corresponded roughly with the
pinning positions reported by Himpsel19 (EF2Evs50.19 eV!
and Mönch20 (EF2Evs50.31 eV!. Specifically, whenz
50.05 eV the lower end point ofDss(E) is at 0.36–0.05 eV
and whenz50.20 eV the lower end point ofDss(E) is at
0.36–0.20 eV. Table II shows the effect of varying the s
face state distribution widthz on the magnitude of band

FIG. 3. Calculated effect of band bending on the photoyield for excitatio
threshold,hn5ET(x50), as a function ofp-type doping level.~a! Parabolic
Dss(E) with z50.20 eV.~b! DiscreteDss(E) with surface donor level 0.16
eV aboveEvs . In all cases, nonmonotonic behavior results ifNsd is not
sufficiently large. Band gap reduction was not taken into account here.

TABLE II. Magnitude of band bendingvs for parabolic surface state distri
bution Dss(E) with different widthsz whenNsd5531013cm22.

Na ~cm23) z50.05 ~eV! z50.10 ~eV! z50.15 ~eV! z50.20 ~eV!

1017 9.24 8.23 7.36 6.63
1018 10.6 9.42 8.36 7.41
1019 11.9 10.7 9.52 8.39
1020 13.2 12.2 11.1 9.87
231020 13.3 12.8 11.9 10.8
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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bendingvs whenNsd5531013cm22. As z is increased from
0.05 to 0.20 eV, the magnitude of the band bendingvs de-
creases significantly. However, the difference between
magnitude of the band bending atNa51017and 231020

cm23 is approximately constant atvs54 in each case. As a
result, there is no noticeable change in the relative p
toyield for the different doping levels. There is also n
change in the doping-induced contrast as the width of
surface state distribution is varied at a constant surface s
densityNss.

The results for the parabolic distribution were compa
with the results for discrete surface donor states. The c
figurations considered covered a range of densities f
Nsd51013to 331014 cm22, each for discrete energy leve
situated 0.16, 0.21, 0.26, and 0.31 eV above the surface
lence band. In Table III, we present the band bending va
vs for a discrete state at 0.16 eV above the valence band
the same surface donor concentrationsNsd listed in Table I
for comparison. As found in the continuous case, the ma
tude of band bending increases with doping concentration
Nsd.331013 cm22. As a result, the absolute photoyield in
creases with doping concentration as long as the surface
density is large enough to cause Fermi level pinning,
shown in Fig. 3~b!. In addition, when the surface donor co
centrationNsd is increased, the absolute photoyield for ea
doping level also increases. However, there is only a sl
change in the relative photoyields and thus the contras
Nsd increases. The photoyields shown in Fig. 3~b! were cal-
culated for a discrete level 0.16 eV above the surface vale
band.

Band bending values for the remaining discrete ene
levels, 0.21, 0.26, 0.31 eV, are listed in Table IV. As t
discrete level moves toward the neutrality level, the ba
bending and the absolute photoyield for each doping conc
tration increases. However, the relative band bending
thus the doping-induced contrast changes little.

TABLE III. Magnitude of band bendingvs for discrete distributionDss(E)
whenEsd2Evs50.16 eV.

Na

~cm23)
Nsd51013

~cm22)
Nsd5431013

~cm22)
Nsd5531013

~cm22)
Nsd51014

~cm22)

1017 3.38 4.37 4.53 5.02
1018 4.01 5.27 5.46 6.04
1019 4.17 6.44 6.70 7.43
1020 2.98 8.15 8.59 9.62
231020 2.58 9.11 9.80 11.1

TABLE IV. Magnitude of band bendingvs for various discrete energy level
whenNsd5531013cm22.

Na~cm23)
(Esd2Evs)50.21

~eV!
(Esd2Evs)50.26

~eV!
(Esd2Evs)50.31

~eV!

1017 5.90 7.33 8.82
1018 6.98 8.55 10.1
1019 8.31 9.93 11.5
1020 10.1 11.6 13.0
231020 11.2 12.4 13.2
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Up to this point, all the calculations have been for ph
toemission at the nominal threshold@i.e.,hn5ET(x50)]. In
addition, the effect of varying the photon energy on the c
culated photoyield was also examined. In Fig. 4, the effec
the band bending on the calculated photoyield, as the pho
energy is varied across the nominal threshold value for v
ous doping concentrations, is shown. A discrete surface s
energy level atEsd2Evs50.16 eV with Nsd5531013cm22

was used to generate the curves. Obviously, there is non
photoemission below the nominal photothreshold@hn
5ET(x50)#, which is caused by the band bending. As t
boron doping concentration increases from 1017 to 1020

cm23, the amount of subthreshold photoyield increases.
Na51017cm23, photoemission extends about 0.1 eV belo
threshold consistent with band bending of approximately
eV (vs54.53). As the doping level increases to 1020 cm23,
subthreshold photoemission extends approximately 0.2
below the nominal threshold, again consistent with ba
bending of 0.2 eV (vs58.59). As a result, the model predic
that doping-induced contrast in the photoyield will chan
for incident photon energies below the nominal thresh
value. This change will be manifested as the disappeara
of signal from regions of lower doping with decreasing ph
ton energy. The effect of explicitly including band gap redu
tion DEgap in the calculation of the photoyield is shown i
Fig. 5. As expected, band gap reduction causes further
pression of the photothreshold. ForDEgap540 meV ~the
value we used to fit data in Ref. 1!, photoemission is ex-
tended approximately an additional 40 meV below t
DEgap50 meV threshold. Using a band gap reduction va
(DEgap5160 meV! similar to values reported for heavil
B-doped Si from photoluminescence excitatio
measurements,8 photoemission is extended even further
approximately 300 meV below the nominal photothresho

Experimentally, the dependence of doping-induced c
trast on photon energy was probed by imaging a device w
adjacent lines of boron doping densityNa51018and 1020

cm23 while tuning the incident photon energy from 4.5
5.2 eV. In Fig. 6, we show the results of imaging with phot
energieshn54.8 and 5.2 eV for comparison. The absolu
image intensity in Fig. 6~a! was increased to levels compa
rable to Fig. 6~b!, for visualization. At the initial photon en

FIG. 4. Calculated effect of band bending on the photoyield as pho
energy is varied across the nominal photothresholdET(x50). The case
shown is for a discrete surface state at 0.16 eV above the surface va
band. There is a strong variation in photothreshold energy as a functio
the doping level.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ergy hn54.5 eV, only theNa51020cm23 B-doped stripe is
observable. At approximatelyhn54.9 eV, the articulated
Na51018cm23 B-doped line also becomes visible. As th
photon energy is increased to 5.2 eV, the intensity from b
doping levels increases. The image clearly shows the pe
tence of photoyield from the higher doped line to lower v
ues of the photon energy than for the lower doped line.

DISCUSSION

All of the models considered for the surface state dis
bution gave consistent results for doping-induced contr
This is in general agreement with what Allen and Gob
reported.3 Fitting the calculated photoyield as function
boron concentration to a power law, we find an exponen
0.17 which corresponds to a gain of approximately 1.5
intensity per decade of doping level. This is in rough agr
ment with a measured intensity gain of approximately 2
decade of doping concentration. However, a minimum nu
ber of surface states is necessary to generate the obs
doping-induced contrast. If the number of surface do
statesNsd is less than 431013 cm22, the band bending doe
not increase monotonically with boron implant concent
tion. This nonmonotonic behavior comes about when

FIG. 5. Calculated effect of band gap reduction on the photoyield w
Na51020cm23. As the band gap is reduced, photoemission is extended
ther beyond the nominal photothreshold. TheDEgap540 meV curve pro-
duces a good fit to our data~see Ref. 1!. DEgap5160 meV, taken from Fig.
11 in Ref. 8, is shown for comparison.

FIG. 6. FEL-PEEM image illustrating effect of incident photon energy
doping-induced contrast.~a! At hn54.8 eV, only the 1020 B-doped stripe is
observable.~b! At hn55.2 eV, both 1018 and 1020 cm23 B-doped lines are
observable. The field of view is'30 mm for both images. The image
intensity in ~a! has been enhanced roughly 23 for comparison with~b!.
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available surface states are charged. Thus, the maximum
face charge density for a given surface state density will
achieved. Beyond this point, the amount of band bend
necessary to generate an equal and opposite amoun
charge in the material decreases as the doping levelNa is
increased, and as a result the photoyield begins to d
Thus, the model predicts that contrast between differ
p-type regions can be reversed for a sufficiently low dens
of surface states.

While the contrast is largely uneffected by changes
the surface state distribution, the absolute photoyield is
fected. For a fixed surface state distribution, either parab
or discrete, the photoyield increases as the areal surface
density increases. The photoyield will also increase as
position of the discrete surface states above the surface
lence band is increased. In addition, narrowing the width
the continuous distributionz, which is the equivalent to in-
creasing the energy density of the surface states, results
higher absolute photoyield.

However, the curvature of the valence band causes
photothreshold to decrease with increasing doping, sugg
ing that varying the incident photon energy will affect th
contrast between different levels ofp-type doping. Tuning
the incident photon energy allows us to experimentally t
how doping-induced contrast is affected. Experimentally,
indeed observe a decrease in the photothreshold as the
ing level increases. At the same time, the measured p
toyield decreases as the photon energy is lowered toward
threshold value. Therefore, discrimination between two d
ferent boron doped levels can be removed by imaging be
the higher threshold of the two. Conversely, increasing
photon energy above threshold will increase the photoyie
but the contrast is limited by the dynamic range of the i
aging detector. Therefore, the optimum doping-induced c
trast is achieved by imaging with a photon energy sligh
above the highest threshold of interest to generate a suffic
signal-to-noise ratio for imaging the lowest doping level
interest.

We briefly discuss evaluation of the model paramet
necessary to describe the image data. As can be seen in
4 ~and also Fig. 2 of Ref. 1!, the variation of photoyield with
hn can be described by an upward energy dependent cu
ture and a low energy cutoff. Fits to the experimental d
tend to emphasize the overall energy dependence where
photoyield is higher. Since the low energy cutoff is a fun
tion of doping, both the nominal photothresholdET(0) and
the band gap reductionDEgap(n) need to be adjusted. For th
data of Ref. 1,ET(0) is set and thenDEgap(n) was adjusted
at each doping level to get the proper fit of the photoyie
versus photon energy dependence. We found a band ga
duction value of 40 meV at 331019 cm23, substantially less
than the photoluminescence excitation value~130 meV at 3
31019 cm23) reported by Wagner,8 produces a reasonable fi
to the observed curvature of the intensity versus photon
ergy usingET(x50)54.9 eV.

Yet, as noted above, we observe contrast athn54.5 eV
between theNa51020cm23 boron-doped region and th
lightly n-doped substrate. Photoemission at 0.4 eV below
nominal threshold would require band gap reduction on

n
r-
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp



8
va

u
de
i
n
o

ga
in
a

y
n

d
th

os
io
o
t
d

ng
w
ta
in

ot
en
p
t

de

n

no

th
ce
th
c
u
i

, t
at
tr
b

af-
n-

ron
of
h a
find
and
ith
rgy

e
dict
rs.

a-
ry

ir
ndez
his
es.

l.

ci.

ch,

r-
ost-

n

art 1

A.

b-
py

475J. Appl. Phys., Vol. 91, No. 1, 1 January 2002 Ballarotto et al.
order of 200 meV. This is consistent with values in Ref.
but the fits to our data using this value do not fit the cur
ture of the data at higher energy nearly as well.

The discrepancy in fitting the data may arise in part d
to the assumption made in determining the space charge
sity that the impurities are noninteracting. However, this
only appropriate for lightly doped semiconductors. As me
tioned earlier, the impurity states broaden as the implant c
centration increases until there is a reduction in the band
Yet, band gap reduction is explicitly taken into account
Eq. ~2!. This may explain why the gap reduction values th
we reported previously1 are lower than that reported b
Wagner.8 Possibly, the error in the space charge calculatio
compensated for by decreasing the amount of band gap
duction necessary to fit the data. The reader is referre
Ref. 10 for a more complete discussion on the validity of
space charge density calculation.

In addition to band gap narrowing, we consider the p
sible contribution of surface state emission to photoemiss
extending far below the nominal photothreshold. While ph
toemission from occupied surface states can contribute to
total photoyield, the number of occupied surface states
creases with increasingp doping because as band bendi
increases the position of the surface Fermi level moves a
from the charge neutrality level. Hence, the surface s
contribution to the total photoyield decreases as the dop
concentration increases. Experimentally, we observe ph
emission from the higher doped regions at lower photon
ergies as the incident photon energy is decreased. Thus,
toemission from occupied surface states cannot explain
persistent intensity from the 1020 cm23 p stripe in the low
energy FEL-PEEM images.

CONCLUSIONS

In modeling doping-induced contrast from a native oxi
coveredpn array fabricated on a Si~001! surface, we have
considered both continuous~parabolic! and discrete surface
state distributions. In either case, we find that a surface do
concentrationNsd of approximately 531013 cm22 is neces-
sary for the calculated PEEM intensities to increase mo
tonically with boron doping concentrationNa . This results
in contrast between heavily doped implant regions. If
density of surface states is greater than the minimum ne
sary for doping-induced contrast to occur, then varying
position and uniformity of the surface states will not affe
the doping-induced contrast. However, if the number of s
face donors is too small, the calculated intensity ratios w
not increase as the boron doping level is increased. Thus
model sets a lower bound on the density of surface st
necessary to describe the measured doping-induced con
in Si~001!. In addition, the valence band profile generated
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this model predicts that doping-induced contrast can be
fected by varying the incident photon energy. Experime
tally, we find that the contrast between heavily doped bo
regions is affected by the excitation energy. The visibility
boron implanted regions can be removed by imaging wit
photon energy less than its effective photothreshold. We
that a model which includes surface state effects and b
gap reduction explains most of the variation we observe w
photon energy, although the doping dependent low ene
cutoff is difficult to model. Finally, we mention that th
model presented is general enough to model and pre
doping-induced contrast in PEEM of other semiconducto
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