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Interferometric Method for Monitoring Electrochemical
Etching of Thin Films
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In this work we present a method for monitoring the optical parameters of a film during its etching process. Optical interferometry
of two laser beams with different angles of incidence is observed to measure the index of refraction profile and the etch rate
evolution simultaneously. With this technique we have measured the inhomogeneity in the etch process of porous silicon layers,
which is an essential issue to make good quality optical microcavities or photonic crystals with this material. In addition, by
sweeping a range of currents we are able to fully characterize the etch rate and the paragityent density in one single
sample, without the need of independent measurements.
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In recent years, much attention has been paid to the formation o&very differential depth with a deviation given by Snell’'s law. It can
porous silicon layers by electrochemical etching due to their easype shown that the optical path differenbebetween the beam re-
low-cost proces$® Optical devices such as distributed Bragg re- flected on the etched surface and the one reflected on the bulk is
flectors (DBR9), optical resonators, or filters arefsrrgong the most |
promising applications of these porous silicon layersin order to B \/2—2
make high-quality optical devices, we need a very accurate knowl- D= ZL N00)? = Nyesin’ 6dx + e — ¢1 [1]
edge of the etch rate and porosity. These parameters have been char-
acterized under different growth conditioh! At fixed current den- ) o ] )
sity, concentration of the electrolyte, and temperature, a constani/herel is the depth of the layen(x) is its index profilen, is the
etch rate is usually assumed, as well as a homogeneous index #pdex of refraction of the electrolyt®, is the angle of incidence of
refraction of the layer. Although approximate, this assumption isthe beam when it arrives to the etched surface, @p@nd ¢, are
reasonable, as experimentally demonstrated, and convenient, due € phase changes produced in the reflection of each beam on the
the difficulty in measuring deviations from constant etch rates.upper interface and on the buried one. In our cagea function of
However, it has been proved that this assumption is not exact byime, and we approximate the quantitigsande, as constants. The
postgrowth characterization, such as photoluminesce(feke) quantity we measure experimentally is not the optical path differ-
and Raman spectroscopy measurements of freestanding 1ayérs, ence but its change ratiD/dt. The oscillations in the output signal
ellipsometry!® and calorimetry® The magnitude of these deviations have a frequency which is proportional to this change rate as
from constant etch rate and constant porosity is a critical issue for
optical devices based on interference between stacked porous silicon 1dD
layers*® v(t) = Ao dt

Using in situ single-beam interference, Thigsenet al. have
tshheo Vggrgr SO rsr:ﬁ)g:: ?;;i?’élﬂ;hge?gﬁil ttElecI;ingenszfd ;Jh”eng (;?g s?t;ogrt':- Ofwhere)\o is the vacuum wavelength of the beam. The rate of change

dient with depth depends on the resistivity of the silicon wafers of D can be in general calculated using the Leibnitz formula

(2]

employed and on the concentration of the electrolyte. For lightly bit)
doped silicon, the porosity decreases with depth, but for heavily D(t) = J f(t,&)dé
doped [ wafers an increase is observEd* The in situ single- alt)

beam interference technique can also be applied to other thin-film
growth processes, such as molecular beam epitaxy or chemical va- 4D b 9f(t,€) d

por depositionCVD).*®° Alius and Schmidt also described a two-  dt + an Ot g
beam method to find the value of the index of refraction and the

depth of the CVD grown film by making use of two interference [3]
patterns of laser beams with different angles of incidéfdgow-

ever, with the approach we present, the refractive index profile ofTh.W.e assqmelz thtatt(x), for a;?]y tg(ljve_nx, ?ﬁes Inoi deEend_ or|1 t'tmﬁ'
the layer can be monitored as well as the etch rate variations with IS IS equivalent o saying that during the electrochemical etching,
time. no other effect changes the value of the refractive index at a given

For instance, we neglect any chemical etching that is simultaneous
to the electrochemical one. Validity of this assumption is supported
Theory by the results obtained here and is consistent with other waorks,
In order to analyze the interference signal observed at the outputconsidering the low concentration of the electrolyte employed. Thus,
the ray equation has to be solved inside the inhomogeneous layeWithin this approximation, we obtain
We assume that the index of refraction is only dependent on the 1 dl
erth varlab!9< and not on the oj[her coordinatesz, hence, lateral v(t) = —ZW— [4]
inhomogeneities are not taken into accotifio solve the problem Ao dt
we divide the porous layer into an infinite number of layers of dif-
ferential depths and continuous variation of indexes of refraction.which is the frequency of the oscillations observed with an incident
Within this approach, the ray gets refracted as it passes througlngles.
Finally, by algebraic manipulations and given the frequencies
andv, for two different angle®, andf,, we can solve the equation
2 E-mail: gaburro@science.unitn. it for the index profile and the etch rate

db da
[f(t,b(t))a} - {f(t,a(t))a



C382 Journal of The Electrochemical Socie#50 (6) C381-C384(2003

% platinum

electrode

He-Ne

beam 8¢ incidence
laser splitter N .
fl| photodiodes
attenuator ‘

Intensity (a.u.)

S VAV Vi VVAV.V.V.V
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We have employed these equations for the estimation of the growth 6 260 460 6(I)O 8(])0 10'00 12'00
parameters. .
The use of two beams instead of one allows a clear separation of etch time (s)

physical thickness from the index of refraction. In fact, the oscilla- ) ) . o
tions of reflectivity are originated by the time evolution of differ- Figure 2. Intensity of reflected beams.time during anodization. The spo-
ences between optical paths, where thickness and index of refractiofdic spikes are due to bubbles which deviated or scattered the laser beams.

are mixed together as in Eq. 4.

Experimental of the Bruggeman effective-medium approximatidh.In the

The porous silicon samples were fabricated using boron-doped®ruggeman formula, we used= 3.8 for silicon andh = 1.35 for
p* silicon substrates of low resistivity0.01 Q cm). A 13% HF the solution. Results are displayed in Fig. 3. A clearly observable
electrolyte was employed, prepared by dilution of standard 48 wt %
aqueous HF with ethanol. The area of silicon exposed to the elec-
trolyte was 1 cri The optical setup for the experiment is shown in 20~
Fig. 1. The light source was a He-Ne 5 mW polarized laser beam .
and was attenuated down to 300 nW. This low power level assures 18 -
no effect of the light beam on the anodizatfdrive split the laser
light to have one beam at quasi-normal incide(®&% and the other
at an angle of 38°, impinging on the sample in the same spot. The
two reflected signals were collected into two silicon photodiodes by
means of lenses. The current signal of each photodiode was ampli-
fied and acquired by a personal computer, which simultaneously
controlled the current source of the chemical g&liKeithley 2400.

The anodization was performed in the dark.

Figure 2 shows the oscillating intensity of both reflected beams,
obtained using a constant etching currgourrent density 25
mA/cn?). The oscillations of the two signals have clearly different
frequencies due to the different angles of the beams. The sporadic
spikes on the signal are due to the gas bubbles which came out from g |
the sample and from the platinum electrode. In this technique, the
etching current density does not need to be constant in time.
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Discussion

We have first characterized the variation of the etch rate and
porosity with time for a constant current. This is the easiest experi- .
mental framework to test the measurability of the frequency of os-
cillations, the key quantity for Eq. 5. The current density selected for 0.4
this was 25 mAlcrf in order to have an intermediate porosity
(:580/0)' T T T T

The two different frequencies of the oscillating signals on Fig. 2, 0 200 400
corresponding to the two different angles, have been extracted from
the position of every maximum. This gave us two scattered plots of
frequencies at discrete times. An adjacent-average smooth interpcp—igure 3. Etch rate and porosity evolution from data of Fig. 2. Top plot
lation was used to plot continuously the index of refraction and theshows (——) etch ratevs. time and(— — —) its linear fit. Bottom plot
etch ratevs.time. The index of refraction has been used to estimateshows porositys.time (——) directly extracted from experimental data and
the porosity(volumetric fraction of silicon dissolvedy makinguse (- - - -) from the linear fit of the etch rate and Eq. 6.
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trend of data is a decrease of etch rate and an increase of porosity 1 ~ 90
with etching timej.e., with depth. This coupled tendency is consis- 1 2x, 4 & incidence [ 80 ~
tent with the simplest model of the etching progress, where the etch __ 12 \Q:\ »  38° incidence L0 E
rate and the porosity are inversely propo_r_tional. This simple _model % 10 fg current injected " 60 E
is discussed as follows. The amount of silicon volume per unit area g '~ ] =
per unit time removed by the electrochemical etchingd§dt)p, % 8 - 50 ;;“
wherep is the porosity. The required charge to remove a unit vol- 6] L40 §
ume of silicon isNev, whereN is the number of silicon atoms per & = | (30 =
volume unit (5% 10?2 cm 3), e the electronic charge, andthe 8 44 [ oo 2
valence of the electrochemical reactiae,, the number of electrons 2] L 3
required for the removal of a single silicon atom. Thus 1 - 10
0 T T M I 4 1 T T O
dl ] (6] 0 100 200 300 400
dt P Nev time (s)

wherej is the current density. If a constant valence of the electro-Figure 4. Anodization performed with time-varying current density. The
chemical process is assumed and a constant current density fVeep was performed from 5 to 80 mAR&inight axis. On the left axis, the
forced, the etch rate and the porosity are inversely proportional graph reports the time interval between two consecutive zero-derivative
Acéording to this simple model, the profile of porosity Wi'[.h points in the reflected beam intensity. This interval corresponds to a half
. " . eriod of the oscillating intensity.
depth can be predicted from the profile of etch rate. Assuming & 9 4

constant valence of 3.4 according to previous wiftkSand plug-

ing the smoothly fitted etch rai&ig. 3, top ploj into Eq. 6, we N -
gavge obtained th)é predicted por(os%y shovSnpianig. 3,%ottom plot.a$ reported In Fig. 5. Both t.he etch rate .and the porosity increase
This porosity can be compared with the porosity calculated via thewith the etching current deélsr[y. Porous silicon etch rates are usually
Bruggeman formula from the measured index of refraction. As seen]"tted to a power function as
considering the simplicity of the model, the agreement is vergﬁgood. dl
The increase of porosity with depth also agrees with other works — =
which conclude that in ptype porous silicon the nanocrystal size dt
decreases with depth. ] ] ) ) ]
We have checked the accuracy of this method by independentlyvhereA is an arbitrary constan,is the current density, and k is a
measuring the depths of some layers using cross-sectional scannif@nstant, which is usually-0.8, regardless of the resistivity and the
e|ectron microscop)(SEM) micrographS. Comparing these depths F Concentratloﬁ.We ha.Ve f|tted our curve to the same funCthn
with the integration of the etch rate curve we have found total agree-and see good agreement usikg= 0.7, which is close to the ex-
ment within an error of less than 5%. pected one. Finally, the porosity dependence can be fitted to a line.
Once the degree of accuracy has been tested, we have considerfdve compare our result with the porosities measured with other
other situations beyond the simple constant etching current operaechnique® we can also find good agreement. We stress here that
tion. Several features of the electrochemical etching of porous sili-
con might be quantitatively measured with this technique. For ex-
ample, the effect of etch stopise., regular interruptions in time of
the etching current to allow solution exchange can be characterized. 30
It has been shown that etch stops can have a beneficial impact on 1
regularity and homogeneity of the porous silicon structdrgve 25+ T
have calculated the etch rate just after a current stop of 2 min after 20 ]
the 20 min etch shown in Fig. 2. We found a value of 14.9 nm/s after ]
the etch stop, whereas the value just before the stop was 13.3 nm/s.
It can be concluded that the etch stop of 2 min has made possible a
regeneration of the HF concentration which restores the growth con-
ditions to values similar to the beginnifg.

Aj [7]

experimental

Best fit:
_y=138-x" .

etch rate (nm/s)
o
1

Another appealing peculiarity of the proposed technique is the 5
possibility of running a complete characterization of etch rate and 0 )
porosityvs.etching current density using a single sample for a given S T UL U
solution and a given substrate doping. Our theoretical approach ap- 1.0_0 1‘0 2‘0 3‘0 40 5‘0 60 7,0 80 90

plies to a general case, where the etch rate and index of refraction
can change arbitrarily. Therefore, the theory is not limited to the

case of constant current density but is also valid for time-varying 0.8

currents. In practice, the variations must be slow enough to allow 1

reliable frequency estimation. If the etching current is swept in time 5. 0.6 -

between two suitable values, we can extract the complete etching ‘§

rate table, as well as the respective refractive index, for the whole ‘g 0.4 - experimental

range of current densities applied. To illustrate the technique witha = | - ==e-- linear fit
variable current sweep, we have first chosen a total duration of 400
s. This duration was suggested by the results of Fig. 3, which shows
that depth inhomogeneities are negligible in such a time interval.
The measurement is best performed if a longer time is dedicated to 0.0 1+— T T T T T T T

lower current density values, since they imply slower signal oscilla- 0 10 20 30 40 5 60 70 80 90
tions. Figure 4 shows the sweep of etching current density from 5 to current density (mA/cm?)

80 mA/cnt (right axi9 and the periods of the oscillation in the

intensity of the reflected beafieft axis). From data of Fig. 4, the  Figure 5. Etch rate and porosity curvess. current density measured on
etch rate and porosity profiles. current density could be obtained, sample of Fig. 4.
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this technique requires a single sample and no other experimental
technique(such as, for example, SEMBoth features are important
strategic factors when the porous layer must be optimized for the 3’
applications, since the waste of time, silicon substrates, and hydrof-
luoric acid is reduced to a minimum.

a b~ w

Conclusions

In the present work we have described a simple and innovative -
technique for the characterization of etch rate and porosity during ;'
the growth of an electrochemical etched layer &fgpped silicon. A
good estimation of these parameters and their dependence with time.
is very valuable information for the fabrication of good-quality op- 10.
tical multilayers. We have shown that this technique gives us values
in accordance with other experimental methods. We have found tha}l'
after 20 min of etching, the growth rate diminishes by 15%. Accord-
ingly, we observed an increase of porosity, which agrees with a;3
constant-valence approximation. Finally, we have shown that by
sweeping the etching current density with time, a complete characi4.
terization of the etch parameters can be performed using a single
sample, thus minimizing the waste of time, silicon, and hydrofluoric

acid. 16,
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