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Stencil masks are key to charged particle projection lithography, in particular for ion projection
lithography. To fulfill pattern printing requirements in the sub-70 nm regime, excellent thickness
uniformity and thermal emissivity control are critical parameters for high quality stencil mask
fabrication. We propose and demonstrate a technique based on infrared variable angle spectroscopic
ellipsometry(IR-VASE) to measure these parameters with adequate accuracy and precision. The
refractive index of the Si membrane was evaluated using a Sellmeier dispersion model combined
with a Drude model. Because of its spectral range from 2 tquB8 the IR-VASE method is
sensitive to the thickness of layers as well as to the concentration and profile of Si membrane
doping. © 2000 American Vacuum Sociefs0734-211X00)08106-3

| INTRODUCTION Si+40H — SiO)(OH)> +2H" +4e™,
Silicon stencil masks can be applied to ion projection li- ~ B
thography (IPL), electron beam projectioriPreVail), but 4H,0+4e” —— 40H +2H,.

might as well also be used for photon based lithographic
techniqueg 157 nm, extreme ultravioletEUV)].! Charged
particles or photons illuminate a stencil membrane mas
with reduction printing to resist coated wafer substrates
Quantitative determination of the mechanical, electrical
(conductivity, and thermal characteristics of stencil masks isin an aqueous alkali solution. A positive potential of 0.5—0.8
a critical issue in the development of highly reliable maskv over the open circuit potential can passivate bptrand
technology. Thin silicon membranes like those used for thi"?‘n-type silicon from etching. A sufficient anodic potential
study were fabricated using then junction electrochemical causes an accumulation of holgs™) at the silicon surface

: 3
etch stop(ECES techn|que2. which increase oxidation states of silicon atoms at the inter-

The chus of this study is to demonstrate that the memLace between Si and electrolyte according to Ghandi.
brane thickness depends on the applied reverse bias on the

pnjunction during the ECES etching. We determined that by  Si+2h* — Si2*.

utilizing infrared variable angle spectroscopic ellipsometry ) ) ) ) )
(IR-VASE).* The Si atoms react with OHions diffused into the surface

to build S(OH),,

The etch rates of crystalline silicon in alkali solution are
different, depending on the crystal orientation. This aniso-
ropic etch behavior is due to different oxidation states of
silicon atoms at the surface in different crystal orientations.
Thus, the ECES is based on anodic passivation of silicon

Il. pn JUNCTION ECES TECHNIQUES FOR S +20H —Si(OH),,

SILICON MEMBRANE FABRICATION which change into Si@by splitting the hydrogen. The wafer
To fabricate thin(~3 wm) membranes fronf100 silicon  surface is now covered with a very thin but dense Sin
wafers, aqueous alkali solutions like KOH or tetramethylwhich reduces the etch rate of silicon about two orders of
ammonium hydroxidd TMAH) are widely used. The etch magnitude. Using a reverse biaged junction structure, the
mechanisnts® are based on the oxidation of silicon in water thin n-type Si region can be anodic passivated from the etch
and subsequent dissolution of silicon hydroxide from solidprocess while th@-Si substratédue to a drop in potential at
state silicon in an ambient with an excesspid value by thepn junction is insufficiently protected and will be etched
building silicon hydroxide complexes. The electrons injectedoff. A thin n-Si sheet with controlled thickness can be cre-
into the conduction band of the silicon crystal during theated conveniently by standard diffusion or ion implantation
oxidation steps reduce water molecules at the silicon angrocesses used in common integrated cird@j production.
electrolyte interface by forming hydroxide ions and hydro-  Specifically, the Si membranes used for the present study

gen gas. were fabricated with the ECES technique according to the
following process stepd=ig. 1(a)]. The starting material was
¥Electronic mail: sossna@schottky.physik.uni-kassel.de double side polished 100 mptype (100 Si wafers. Subse-
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guent to thermal oxidation and window fabrication in this It follows that the membrane thickness and stress depend

layer on the front and back sides, phosphorus was implanteahly on the doping concentratiom, for the p side andNy

at the front side to achieve amtype top layer after proper for then side. However the membrane thickness can be var-

annealing. Using phosphorus diffusion the stress of the subied due to the barrier potentiagg .

sequent Si membrane can be controlled precisely because P The etch stop during electrochemical etching can be con-

provides tensile stress within the Si matrix. A metal layertrolled in situ by measuring the currentof the reverse bi-

was deposited onto the front side, forming electrical contacased ‘pn diode” versus timet (Fig. 2). As the back side of

to the n-type layer. Using a newly designed electrochemicalmembrane approaches the space—charge region, more OH

etch cell, which protects the front side totally from the aque-will be accelerated towards the membrane, resulting in an

ous alkali solution, membranes of about 4gih were fab-  increased electrochemical reaction rate and subsequent in-

ricated. As an example Fig(ld) shows a 100 mm Si wafer crease in the current density. Thus, with a greater degree of

with 24 Si membrane fields. coverage by the hydroxide, the Si@assivation layer be-
For use as stencil masks the Si membrane must have @mes thicker, causing the current to finally settle at a con-

very homogeneous thickness—better than®1B6r the case stant value. This indicates the end of the etch process. In this

of ECES fabricated Si membranes the thickness depends amay well-controlled, repeatable thin silicon membranes can

the pn junction space—charge region. This can be explainede produced in which the thickness variation depends on the

as follows with the assumptior{s that near thgn junction  bias voltage using the ECES technique.

(x=0) in the thermal equilibrium the charge density is zero

outside of the transition region—(x, <x<Xx, ) since bulk

silicon is electrically neutral(ii) that the minority electrons

on thep side and the minority holes on theside are ne- |;| EXPERIMENTAL SETUP: IR-VASE

glected, andiii) that the majority carrier concentrations are

close to the doping concentrations near the edge of the tran- To use these thin Si membranes for stencil masks, it is

sition region’ Therefore inside the transition region the important to evaluate the thickness nondestructively. The

charge densityy(x) is given by samples were measured using a commercially available in-

frared variable angle spectroscopic ellipsométefhe in-
strument consists of a Fourier-transform-based infrared spec-

—gN,, (_xposxs 0) trometer combined with a rotating-compensator variable
angle ellipsometer. The compensator not only insures the

po(X)~ accuracy of the ellipsometric angleover its full 360° range
qNg, (0s=xs= xno) (1) it also provides a means by which to measure the amount of

depolarization caused by the sample. For this study, data
were acquired over the 2—30m (wave number of 330—
5000 cm ) spectral range. The beam diameter is 8 mm at
where q is the electron chargep,, andny the p andn  the sample, with a 3° angular spread. Data were taken with a
charge-carrier concentrations aNgd andN, thep-andn-side  resolution of 32 cm? at two or three incidence angles be-
doping concentrations. tween 55° and 70°. This yielded ellipsometric data with rea-
Finally the transition region is seen as completely desonable sensitivity and signal-to-noise ratios.
pleted of mobile holes and electrofihe transition region at Values for ¥ and A at each wavelength comprise the
the pn junction = the depletion region ellipsometric spectrum. This spectrum is an extremely sensi-
By making the depletion approximation and dividing thetive function of the various layers and microstructure of a
pnjunction into a depletion region sandwiched between bulksample(for further information about ellipsometry, see Refs.
p and n regions, relatively simple solutions can be found,11 and 12. Unfortunately, for all but the simplest samples,
e.g., the depletion region width using Gauss's law: this function cannot be inverted; therefore information must
be extracted by optimizing the parameters of an appropriate
optical model fit to the data. The numerical regression pro-
, 2) cedure used hei@escribed by Herzingest alll) adjusts the
various parameters until the mean square error between the
calculated and measured ellipsometric values is minimized.

wheree; is the electric permittivity of Sig;=11.7¢0). The optical properties of each silicon layer are defined by
The solution for the edge on theside of the depletion  the classical Drude equatithn

region using the barrier potentighk = ¢,- ¢, , where¢, and
¢, are the potentials of tha- or p-bulk region in thermal A 1 At
equilibrium is €;= offset+ ﬁ_ Eﬁ (E27'+—lﬁE)

o= [2esdg Ny 3) _ m* _ 1 b
PO gNg Ng+Ng Pdg™ Ne?r Niew’ (4

J. Vac. Sci. Technol. B, Vol. 18, No. 6, Nov /Dec 2000

with po(X)=0, (X=—Xp X, <X),

dE  p(x)
dx e

(4a)
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a) Frontside preparation of the oxidized p-type Si-wafer 40
r 1 I 40
0L @
Phosphorous diffusion and annealing E .
g
"GC: 20 - w0l etch stop
£
Deposition of the metal contact © - -
10 1000 L 1050 100 150

E__.,r '1” . ‘ T J-..
” : . 0 -
Backside preparation for membrane etching 0 100 200 300 400 500 600 700 800 900 1000 1100

r _I etching time { (min)
Fic. 2. Behavior of current vs timet during the electrochemical etching

and in particular during and shortly before the electrochemical etch stop.

Membrane fabrication
(electrochemical etching with pn-etch stop)

This method converts silicon resistivities directly into carrier
L - J densities using empirical equations that were developed from

a set of carefully characterized samples.

IR-VASE measurements were made on both the front and
back of thepn membrane, because the highly doped region
strongly absorbed infrared light. From the back side, IR light

Removal of metal contact and Si-oxide

b)

80

70 -
60 | : —— Model Fit

soL F O} == Exp Er 65

....... Exp E 66°

40

Y (degrees)

30

20 -

Fic. 1. (a) Process flow opn-membrane production for open stencil masks 10
using electrochemical etching withpa-etch stop(b) Sample with 24 mini- i .
membranes (¥ 7 mn?) on which membrane thickness was measured with 0 1000
IR-VASE.

1 n
2000 3000 4000

Wave Numbers (cm'")

300

whereg; is the complex dielectric function of thgh layer,
the offset,A, andE, terms comprise a Sellmeier model for
the residual dielectric response from the interband transi-
tions, E is the energy of the incident photons, ands the
mean scattering time of the free carriers. The quarp@g}/is
the dc resistivity of thgth layer. It is inversely proportional
to the electronic charge, the carrier concentratioN;, and
the carrier mobilityuw=e7r/m*, wherem* is the carrier ef-
fective mass. For this study, we assume thiatindependent
of photon energy. Ultimately, we wish to determiNe; un-
h . - . -100 . L + L . .

fortunately,N; is not independent of mobility, Slncepr,’Cj 0 1000 2000 3000 4000
=euN;. This is problematic becauge=er/m*, and both Wave Numbers (cmi')

. . . .
m* and 7 are strong functions of dOplng in heaV”y doped Fic. 3. Experimental data of ellipsometric angi¥sand A measured with
samples. We use a method based on ASTM Standardz-VASE and the corresponding fifEr: ellipsometry from the highly
723-88% which yielded good results in a previous stfdy. doped(reversé side; E: ellipsometry from the back sitle

A (degrees)
3

0 —— Model Fit
----- Exp Er 65°
....... Exp E 65°
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TasLE |. Thickness of the regions of then membrane, which was etched ) Depth Profile of Optical Constants at 700 cm™
with ECES using a bias voltage of 11 V and measured with IR-VASE. & , : ; : . : . 18
Native oxide backside 0.006m = —H1s5m
Silicon bulk region 5.0Qum s 4~ " 1 5
Silicon with free carriers 2.03m 3 112%
Native oxide frontside 0.00Lm & g é
Total thickness 7.03@m x 18
=] -6 =%
2 43 =
1" =
penetrates through am of low-doped Si and reflects from 1 T , ! - ! - 0

0 2 4 6
Depth from high doped side (um)

(=]

the highly doped front side region, producing strong interfer-
ence oscillationgsee data labeled “EJ. From the front side,

IR light cannot penetrate beyond the highly doped region, &) 21
resulting in no interference oscillationsee data labeled

“Er” ). Simultaneous analysis of both data sets provides the 205
best description(Fig. 3 of the membrane’s IR optical re-

sponse. o'lE, 201
The result of the sample which was etched with a bias§ 105 -

voltage of 11 V is shown in Table | using thicknesses deter- ‘é

mined from the data fit. The 90% confidence limit for the = g

bulk and doped silicon layers was0.03 um.2® The total

sample thickness was 7.04m. The heavily doped region 185 1

thickness of 2.03um compares favorably with estimates |
based on standard methods of IC technology. The free- '
carrier concentration depth profile for the same 11 V bias
sample is shown in Fig. 4. The carrier concentration was

1 2 3 4 5 8 7 g
Depth from high doped side (um})

derived using the empirical equation from Ref. 13. Fic. 4. (a) Depth profile of optical constantsefractive indexn and extinc-
tion coefficientk) of the highlyn-doped membrane sidéR-VASE) and(b)
IV. RESULTS the resulting free carrier depth profile.

For these experiments, 100 00 Si wafers with de-
fined pn junctions were wet chemical etched using ECES in
a 30 wt% KOH solution at a temperature of 60°C. To

achieve a specific etch stop a dc bias volthigeas applied. membranes that consisted of a highly dopedtype (phos-

By increasing this voltage) in the range between 2 and 11 ghotrrljs) relgllon ﬁ?\d ap—ttypel(borotrj r(t—:'glond. F;J tr:‘hermore, tthet.
V the membranes become thickier darker red colgr epth protiie ot the optical constants and ot the concentration
oJ the free carriers in membranes has been experimentally

Comparison between the measurement results obtaine luated. F i | the th | emissivit dth
and the theoretical thickness approximation presented abovg duated. Fromtnese vaues the thermal emissivity and ther-

we found a dependency of the thickness of membicne mal conductivity can be determined.
the applied bias voltagd. That is shown in the experimen-

tally determinated(black dotg and theoretically predicted

(dashed lingthickness versus bias voltage diagréfig. 5).

With the depth of ther-type dopantphosphorusd,, and Eq. 7.5
(3) known we get the relationship for the effective membrane 7 - = o
thickness as
— 6,51 .-
26 Nd g .
docd,+ ° u. (5) o 6 -

q Na Nd+ Na é 55 - ‘
Consequently we can determine, with the doping concentra- g 5
tions N, for the p side andNy for the n side, not only the - 2. theory
thickness, but also the “integral” stress of the membrane 45+ & experiment
with bias voltageU. I

01 2 3 45 6 7 8 9 10 1112 13

V. SUMMARY

bias voltage U (V)
It was shown that the thickness of thin Si membranes, § " | ) hickndsen the b |
; : ; - ; Fic. 5. Dependence of the total membrane thic B the bias voltage
realized with the electrochemical .etCh stop u E]. unction for fabrication with ECES, experimentally determinatethck dots; with an
watfers, can be controlled by the bias voltage. With IR-VASE3¢cyracy of+0.03 um, Refs. 10 and Diand theoretically predicteiiashed

we were able to determine the thickness of such thin Siine).

J. Vac. Sci. Technol. B, Vol. 18, No. 6, Nov /Dec 2000



3263 Sossna et al.: Thickness analysis of silicon membranes 3263

ACKNOWLEDGMENTS “T. E. Tiwald, D. W. Thompson, J. A. Woollam, W. Paulson, and R.
. o Hance, Thin Solid Film813-314, 662 (1998.
This research was conducted within the framework of 5gr. Kassing, R. Kamaier, and I. W. Rangelow, Phys. B6 (2000.
Project No. 01MBE 22/97 supported by the German govern- SH. Seidel, L. Csepregi, A. Heuberger, and H. Baumagaertel, J. Electro-

ment (Bundesministerium fuBildung und Forschung Ad- Jchem. Soc137, 3612(1990. .
.. . . . S. K. Ghandi VLSI Fabrication PrinciplegWiley, New York, 1983, p.
ditional support was provided by the U.S. National Science ,4;

Foundation under SBIR Contract No. 9901510. The authorséa, Ehrmannet al, J. Vac. Sci. Technol. B7, 3107(1999.
would like to thank J. Lutz and Dr. H. Loeschner for discus- °R. M. A. Azzam and N. M. Bashar&llipsometry and Polarized Light

; ; e ; (North-Holland, New York, 197 Chap. 4, p. 274.
sions and for help during editing of the manuscript. 1R VASE® system. J. A. Woollam Co.. Inc.. Lincoln, NE.
H1C. M. Herzinger, P. G. Snyder, B. Johs, and J. A. Woollam, J. Appl. Phys.
77, 1715(1995.
IH. Loschner, R. Kaesmaier, P. W. H. de Jager, and B. Mertens, Interna-’C. R. PidgeonHandbook on Semiconductorsdited by T. S. Moss and
tional SEMATECH, November 199@Qinpublishegl M. Balkanski(North Holland, Amsterdam, 1980Vol. 2, pp. 227-230.
2. W. Rangelow, F. Shi, A. Petrashenko, P. Hudek, R. Springer, G. Gross,**Committee F-1 on Electronics, ASTM F 723-88, 1986nual Book of
A. Oelmann, G. Unger, and H. Loeschner, J. Vac. Sci. Techndl6B ASTM Standards: Electrical Insulation and Electroniv®l. 10.05 Elec-
3592(1998. tronics (Il) (American Society for Testing and Materials, West Consho-
3. W. Rangelow, H. Loschner, and F. Shi, U.S. Patent No. 5,672,449. hocken, PA, 1995 pp. 339-353.

JVST B - Microelectronics and  Nanometer Structures



	Thickness analysis of silicon membranes for stencil masks
	
	Authors

	No Job Name

