Photon energy dependence of contrast in
photoelectron emission microscopy of Si
devices

Cite as: Appl. Phys. Lett. 78, 3547 (2001); https://doi.org/10.1063/1.1376151
Submitted: 11 December 2000 - Accepted: 06 April 2001 - Published Online: 24 May 2001

V. W. Ballarotto, K. Siegrist, R. J. Phaneuf, et al.

(7))
-
()
e
ajd
()
—d
(7))
R
7))
>
L
al
©
9
a
Q.
<

Challenge us.

What are your needs for >
periodic signal detection? Q&)

N A/ Zurich
PN

Instruments

Publishing

Appl. Phys. Lett. 78, 3547 (2001); https://doi.org/10.1063/1.1376151 78, 3547

© 2001 American Institute of Physics.



https://images.scitation.org/redirect.spark?MID=176720&plid=1401546&setID=378288&channelID=0&CID=496964&banID=520310243&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=4ec9de953ebb6c8f5e14b657e190e62d12f83d34&location=
https://doi.org/10.1063/1.1376151
https://doi.org/10.1063/1.1376151
https://aip.scitation.org/author/Ballarotto%2C+V+W
https://aip.scitation.org/author/Siegrist%2C+K
https://aip.scitation.org/author/Phaneuf%2C+R+J
https://doi.org/10.1063/1.1376151
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.1376151

APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 22 28 MAY 2001

Photon energy dependence of contrast in photoelectron emission
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We investigate the variation in doping-induced contrast with photon energy in photoelectron
emission microscopy images of Jin devices using a free-electron laser as a tunable
monochromatic light source. Photoyield is observed fpaoped regions of the devices for photon
energies as low as 4.5 eV. Band tailing is the dominant effect contributing to the low energy
photoyield from the heavily dopepl regions. The low intensity tail from the regions, however,

may be from surface states. @001 American Institute of Physic§DOI: 10.1063/1.1376151

We have previously reported that in near-threshold photions was formed by implanting boron iofi$0'¥cm™3, 190
toelectron emission microscog EEM), image contrast can keV) through a mask into am-type S{001) substrate
arise due to differences in semiconductor bulk doping(p 10"cm~3). Additional lines were produced using FIB
concentrations:” The dependence of the photothreshold onyriting with 120 keV boron ions to allow a systematic varia-
the amount of doping can be attributed to surface state ass@pn of the doping levels. Lines were produced with nominal
ciated band bendingln a p-type semiconductor with donor- p-type bulk doping levels of 76, 10*°, and 16°cm 2 and
type surface states, the resulting upward band bending gefpminal line widths of 200 nm. Subsequent to implantation
erates a depth dependent photothreshold, which decreasgg, samples were annealed at 1050 °C for 20 min to activate
from a maximum value at the surface to a minimum in théy,e gopants. The average doping level in the sampling region

bulk. The depth at which the minimum is reached depends, jitterent than the bulk value. Using Supremwe esti-
on both the bulk doping level and distribution of surfacemate the near surface doping levels to b&7100' and 3

states. Using a fixed band gap, simple modeling of emission 4 119113 for the corresponding bulk values mentioned

from the valence band would suggest that doping contrast in . . . o
. : : .above. No chemical etching was done prior to loading into
PEEM would increase by imaging closer to threshold. In this . . .
the PEEM chamber, and a native oxide was present on the Si
letter, we report on the use of a free-electron ld§&L) as
o . Co surfaces.
a high intensity, tunable monochromatic light source for . . . .
To analyze the PEEM intensity from the image data, line

PEEM imaging. We find a significantly higher photoyield ) : )
from heavily dopedp-type regions compared with lightly scans perpendicular to the implanted lines were measured for
t each set of doping levels. In a given image, 20—30 parallel

dopedn regions on SD01) extends to photon energies a : _ ”
least a few tenths of an eV below the conventional thresholdS¢@ns were averaged to produce an intensity profile across

but contrast between differeptdoping regions does not im- the doped lines of interest.
prove. A representative PEEM image showing doping contrast
A commercial PEEM(EImited is coupled to the Duke is illustrated in the inset of Fig. 1. The vertical lines qre
UV FEL. The sample is imaged in a chamber whose bas#/Pe (3<10cm™®), generated with FIB writing, and ap-
pressure is %10 °Torr. This system has been describedPear much brighter than the surroundingioped substrate.
fully elsewheré Briefly, the microscope includes a magnetic The horizontal linesp type 13%cm™?) of intermediate in-
objective lens, a total magnification of 10 08Cand a nomi-  tensity were produced with standard broad-beam implanta-
nal resolution of approximately 10 nm. The FEL storagetion through a photolithographically produced mask. Even
ring° produces coherent UV radiation in the range of 3.5—6.4igher intensity is observed for FIB lines with concentrations
eV as well as spontaneous radiation from IR to soft x raysof 10?°cm™2 (not shown, see Ref.)1At this setting of the
The results here were obtained using spontaneous radiati@bjective lens, the FIB lines are in sharp focus, but the pho-
in the energy range of 4.5-5.2 eV with an average power ofolithography lines are out of focus. To characterize the con-
roughly 1 mW focused to approximately 10 W/&nThe  trast seen in Fig. 1 quantitatively, we acquired images of the
typical output spectrum of the FEL is nearly Gaussian with &different lines with photon energy from 4.5 to 5.2 eV in steps
full width at half maximum of approximately 0.13 eV. of 0.1 eV. Figure 1 shows an example of our results, consist-
The samples used for the study were fabricated using g of intensity scans across PEEM images of a pair of pho-
combination of standard photolithography and focused-ioRgjithography lines. The intensity increases monotonically as
beam(FIB) writing techniques. A lateral array gfn junc-  the photon energy increases. The contrast betvgeandn
regions is observed for photon energies well below the nomi-
¥Electronic mail: vince@Ips.umd.edu nal photothreshold of 5.1 eV, suggested by Allen and Gobeli
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200 | Y(hv)ocf (hv—E+(x))%%*'dx,

150 + wherehv is the photon energy areh(x) is the photothresh-
old as a function of bulk deptk.” The reduced escape depth
=18 A is given by W=1/ ,+ 1/, wherel , (approx. 60 A
is the absorption length arld (25 A) is the electron escape
depth. The band bending profile;(x>0), is determined by
solving Poisson’s equation in the space charge reido.
determine the normalized surface potential (defined as
qVs/kT), charge neutrality is invoked. By solving the neu-
trality condition as a function ofg, the physically accept-
o = 2(‘)0 e s 500 sc‘xo 700 able value ofv, can be determinediThe continuous distri-
Pixel bution of surface states for a native oxide covered Si surface
is paraboli¢® and centered at branch point enefgy— E,
F]G. 1. PEEM inter_lsit_y line scans of photolithography Iin_es measure_d at=0.36 eV!! To calculate the photoyield from th@regions,
different values of incident photon energy. Inset: PEEM image obtalnequ consider the effect of an areal surface state demsity

with photon energy of 5.2 eV and displayed with a field of view of 50 um. 3 s ;
The vertical lines ar@-type (3x 101°cm ) FIB lines. The horizontal lines = 2 X 10"cm™2. In this case, the values of range from 6.6

100

Photoyield (a.u.)

50

arep-type (138 cm™3) photolithography lines. to 9.9 for doping levels 1—10°cm 3. We calculate the
p-stripe photoyield using these valueswqf.

for Si(111). Significant intensity from the regions is vis- For heavily doped silicon, impurity band tailing effects

ible for hv greater than or equal to 4.8 eV. will reduce the band gdp*®which will also reduce the sur-

The variation in image intensity peak height observedface photothresholdz+(x=0). Hence, we must tredi(x
for each of the three different implantation concentrations is=0) as a function of the bulk doping. For boron doping
summarized in Fig. 2. The data were normalized to the calconcentrations of Z§cm™2 and higher, Wagner has shown
culated photoyield for a dopant concentratidi,=1  that band gap reduction ranges from 50 to 200 meV.
x 10'”cm 2 and a photon energy of 5.2 eV. Both the inten- ~ The lines plotted with the data points in Fig. 2 show the
sities and the contrast between thandp regions drop with  results of calculations of thp-region photoyield, using the
decreasing photon energy. The contrast betweep stépes  approach outlined by Kane for emission from the valence
and then-doped substrate remains observable down to 4.®and’ The total calculated photoyield was obtained by inte-
eV for the 18"cm 3 stripe, 4.7 eV for the cm 3 stripe  gratingY (hv) over the distribution function of photon ener-
and 4.5 eV for the ¥ 10*°cm 3 stripe. gies characterizing the FEL light sourt& Gaussian distri-

Allen and Gobeli showed that the photothreshold for abution of photon energies centered about the desired photon
cleaved Si111) surface decreases when the sample is heavilgnergy with a full width at half maximum of 0.13 eV was
to degenerately dopedgonsistent with the monotonically used as a weighting function in the integration. The best
increasing photoyield with dopant concentration we observeigreement of the calculated intensity variation with our data
in Fig. 2. To make a quantitative comparison of the observedvas obtained for surface photothreshold greater than pre-
photon energy dependence of the photoyield with that exdicted by Wagner. Using a nominal surface photothreshold
pected for electron excitation from the valence band, we perof 4.9 eV, we find that band gap reductions of 25 meV
form a standard model calculation. The photoyi#drom  (Et(x=0)=4.88eV) and 40 meV H(x=0)=4.86eV)
the valence band for an indirect optical transition nearproduce good agreement with our'¥Gand 3<10®cm3

threshold can be expressed as data, respectively. We did not implement gap reduction for
the 137cm 2 case since none is expected. We note that
8x10-° : ‘ ; ; ; ; ; ; ; channel plate saturation may have reduced the measured in-
— Theory: 1x10” cm® , tensities for _168 and 3x 1019cm*3 at5.2 eV. .
ex10° L | ;::gz ;’;:g::mj / | For the lightly dopech regions, the subthreshold inten-
e data: 15107 em® // sity is consistent with emission from occupied surface states.
= data: 1x10 cm* /o Low-level intensity would be expected down to approxi-
4109 | 4 data: 3x10% em* Al ) mately 0.4 eV lower than our best-fit surface photothreshold

of 4.9 eV. In contrast, surface state emission frprdoped
regions would only extend to approximately 0.2 eV below
threshold.

Our previous studyusing a Hg arc lamphr<5.1eV)
produced results which could be explained reasonably well
, ‘ , ‘ , ‘ ‘ ‘ ‘ without considering the effect of impurity band tailing on the

44 45 46 47 48 49 50 51 52 53 54 band gap. However, these results, in which we tune the pho-

Photon Energy (eV) ton energy, demonstrate that the effect of impurity band tails

o _ _ must be considered to correctly describe the photoyield data.

FIG. 2. Photoyield intensity as a_functl_on of phot_on energy. '!'he symbols In summary, we have investigated the photon energy
are measured values of PEEM |nte_n3|ty normalized to obta@ agreemerﬁ o . .

between measurement and calculation at 5.2 eV Ngd 107 cm 3. The ependence of doping-induced contrast in PEEM. By using a

curves show calculated intensity (L0) from the valence band. tunable light source, we have, unexpectedly, been able to

2x10°° -

Photoyield Intensity X 10 (a.u.)
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