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Photothermal Characterization of Electrochemical Etching Processed-Type Porous Silicon
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The room temperature thermal diffusivity evolution of electrochemically formed porous silicon as a
function of the etching time is investigated. The measurements were carried out using the open-cell
photoacoustic technique. The experimental data were analyzed using a composite two-layer model.
The results obtained strongly support the existing studies, indicating the presence of a high percentage
of Si0O, in the composition of porous silicon material. [S0031-9007(97)04884-9]

PACS numbers: 44.30.+v, 61.43.Gt, 81.05.Cy, 81.05.Rm

Since the discovery of its room-temperature visible lu-ing was carried out following the procedure outlined in
minescence [1-5], porous silicon (PS) has become a sulkef. [12]. The crystalline samples, with an appropriate
ject of considerable interest, especially for its promisingPt network electrode attached to them, were immersed
use as an optoelectronic device [6,7]. There are several a 150 ml Becker filled with HF. A current density
methods [8—11] for fabricating PS from crystalline sili- of 40 mA/cm? was then applied to the samples using a
con wafers. The electrochemical etching [1,8] is, how-HP-model 6206B dc power supply operating between 5—
ever, the most extensively used so far. The morphology0 V. During the etching period the samples were always
of the resulting porous layer is strongly dependent uporkept under the irradiation of a 250 W infrared lamp po-
the fabrication controlling parameters such as electrolytsitioned roughly 20 cm away from the etching bath. By
composition, current density, etching time, etc., as well agontrolling the etching time, ranging from 10 to 83 min,
on the type of substrate used. we could fabricate samples with different macroporous

In general, an electrochemically formedype PS layer thicknesses.
consists essentially of a double-layer system on top of the In Fig. 1 we show the side view optical micrograph of a
silicon substrate [1,12]. The outermost thin layer, knowntypical n-PS sample, produced with 60 min etching time.
as the microporous layer, is typicalll0—15 um thick  The three distinct regions mentioned above, namely,
and is responsible for the observed photoluminescencéhe microporous and macroporous layers on top of the
Except for very small etching times, the inner layercrystalline substrate, are clearly seen in this picture.
adjacent to the crystalline substrate, designated as the The room-temperature thermal diffusivity measure-
macroporous layer, consists of a parallel array of airiments were carried out using the photoacoustic (PA) tech-
embedded free-standimgPS columns. nique. Of the several techniques [15] used for measuring

Despite the large body of literature that already existghe thermal diffusivity, we resorted to the so-called “open
on PS [13,14], so far there has been no reported detailezkll” technique described in Refs. [16] and [17]. It con-
investigation of the thermophysical properties of thissists of mounting the sample directly onto a cylindrical
important system. In this Letter we apply the modernelectret microphone and using the front air chamber of
photothermal techniques to the evaluation of the thermathe microphone itself as the usual gas chamber of conven-
properties of electrochemically formedPS. tional photoacoustics, as indicated in Fig. 2. The mea-

The samples used in our experiments were prepared surements were carried out using a 20 mW He-Ne laser
electrochemical etching on (100) oriented, nondegenemhose monochromatic light beam is modulated using a
ated, n-type (2.1 x 10'® cm3) crystalline silicon. The variable speed mechanical chopper (SRS model 540) and
samples had a thickness of roughly0 wm and an elec- focused onto the sample. The microphone output voltage
trical resistivity of1-5 0 cm. The electrochemical etch- is measured using a lock-in amplifier (SRS model 850).
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504m fraction of the solid matter within the macroporous layer,
was measured using optical microscopy. That is, for
— each sample prepared with a given etching time, we
have estimated both the thickness and the average solid
ETxv - : gL , volume fraction of the macroporous layer using optical
it T gt ik o | microscope images at normal and side views.
A jHige it To understand the observed dependencer afn the
‘ macroporous layer thickness, we assume that our sample
may be viewed as the layered system schematically
shown in Fig. 4. That is, the-PS sample consists of
a macroporous layer and the remaining crystalline silicon
labeled 1 and 2, respectively, in Fig. 4. The macroporous
layer, on the other hand, is assumed to consist of an air-
embedded array of parallel Si columns. The air and Si
columns within the macroporous layer are labeled by 3
and 4, respectively. Here, it should be mentioned that
we are implicitly neglecting the contribution of the thin
(~12 wm thick) microporous layer to the-PS thermal
_ properties. We shall return to this point later. In terms
of this series two-layer system, the thermal diffusivity for
FIG. 1. Optical microscope side view of cleave®S sample, the heat flow perpendicular to the sample surface may be

etched during 60 min. written as [16—19]

All the data acquisition was microcomputer controlled. o = — 1 5 ! 3 0 ,
The thermal diffusivity is obtained from the modulation A a=x° + x(l — x)[i + }
frequency dependence of the detected PA signal, as dis- aq a3 ] Aoy
cussed in detail in Refs. [16] and [17]. That is, using the (2)

thermal diffusion model for the PA effect, the measure-

ment SqnalS n the modblaton requency ange, where e = U1 s < hile, Herely 5 e meer
the sample is thermally thick, may be written as [16] 9 P '

k, and a; denote the thermal conductivity and diffusivity

S = (A/f)exp—a\f), (1)  of the regioni. The thermal properties of medium 1 are,
where a = I(7/a)"/? is the sample thermal diffusion in turn, expressed in terms of the corresponding properties
coefficient, andA is constant related to the air thermal Of their constituent media, 3 and 4. For the parallel
properties, light intensity, etc. Herd, is the sample SyStem, consisting of Si columns embedded in air, the
thickness and is its thermal diffusivity. effective thermal conductivit, and heat capacity,c;

It thus follows that the value oft is readily obtained
from the signal amplitude modulation frequency scanning
data fitting to Eq. (1). In Fig. 3 we show the results we i
obtained for the thermal diffusivity of oun-PS samples 08} .
as a function of the relative thickness (etching time) of the
macroporous layer. The thickness, as well as the volume 4|
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lock-in
amplifier FIG. 3. Thermal diffusivity as a function of the relative
macroporous layer thickness for tePS samples, as deter-

mined by the photoacoustic measurements. The solid curve
FIG. 2. Schematic of the experimental arrangement for theshows the best fitting of the effective thermal diffusivity ex-
open-cell photoacoustic measurement of the thermal diffusivitypressed as a function af(see text).
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FIG. 4. (a) Schematic representation of the two-layer sys-
tem. The top dashed layer represents the microporous layer.
(b) Electrical analog of the two-layer system in whigh de-
notes the substrate thermal resistance Rndenotes the equiv-
alent thermal resistance of the parallel array of columnar mate-
rial of the macroporous layer.
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can be written as FIG. 5. Volume fraction of the solid material with the

macroporous layey versus its relative thicknessas obtained

ki =k + (ks = ka)y, ) from the optical microscopy image analyses. The solid curve
represents the data best fit to the logistic curve given by Eq. (6
pici = p3cy + (pacy — p3c3)y. 4) ofrihe text. g g yEa. ©

wherey denotes the volume fraction of the solid material
within medium 1. Equations (3) and (4) lead to the
following expression fow; = ki/picy:
I +yA—1)
1+y(c—1)°

obtained from the data fitting of to Eq. (6), leaving
Ay, x9, and Ax adjustable parameters, is shown in
Fig. 5 by the solid curve. The values obtained for
the fitting parameters werdy = 0.994 = 0.024, xy =
where A = k4/k; and o = p4cs/p3c3. Equations (2), 0.421 * 0.011, andAx = 0.170 = 0.013.

(3), and (5), completely define the effective thermal diffu- Using the above expression for the volume frac-
sivity of our n-PS system. The only unknown parameterstion, as well as values of the thermal properties of Si
in the resulting expression far are the thermal proper- (k; = 1.48 W/cm K, a, = 0.88 cm?/s) and air ;3
ties of the Si columns in the-PS samples. The other 0.00026 W/cm K, a3 = 0.21 cm?/s) [20], and carrying
intervening parameters are the thermal properties of aiQut the best fit of thex to Eq. (2), yielded the follow-
crystalline silicon, and the volume fraction of the Si  ing values for the thermal properties of the columnar ma-
columns in medium 1. Thus, provided the morphologi-terial: a4 = 0.053 = 0.0035 cm?/s and k4 = 0.130 =

cal parametely is known, the thermal properties of the 0.006 W/cm K [these values are quite close to those of
columnar material in region 1 is readily obtained from theSiO; (a = 0.045-0.061 cn?/s andk = 0.104 W/cmK)]

(5)

a] = a3

fitting of the resulting expression fer to the experimen-
tal values of Fig. 3.
The relative macroporous layer thicknesand the vol-

[20] which suggests that a high percentage of this material
is, indeed, present in the composition of th€S columns
[4,21]. The results of this best fit is shown in Fig. 3 by

ume fraction of the solid material are, indeed, intimate the solid curve. This somewhat unexpected result for the
related to each other, and strongly dependent upon thealues of the thermal properties of the columnar mate-
n-PS formation mechanism [1,2]. As previously men-rial in the macroporous layer close to those of Si@-
tioned, for each sample investigated, we have evaluateskrves further investigation. Probably, repeating the same
the volume fractiory using the normal and side view op- measurements after a sample dip in HF may give us an
tical microscope images. In Fig. 5, we show the resultinganswer as to whether Sj@ really the material contribut-
data fory as a function of the relative thickness of theing to these values of the thermal properties, or is there

macroporous layer of oun-PS samples. The data was another cause.
best fitted to an S-shape curve represented by a logistic As a final test of the appropriateness of neglecting the
_ _ diffusivity measurements, which is implicit in the above
y(x) =1— Ay exp( model, we have performed the same PA measurements
6
©) porous layers have been removed. The removal of the
Here Ay represents the excursion to reach the saturatiomicroporous layer was done by careful mechanical pol-
thickness at which the fractional change — yo)/Ay ity, within our 5% experimental error, were essentially the
reaches halfway to the saturation excursion. The resudame. Physically, the reason for this is that the thermal

X X0

X

X0

function, namely contribution of the thin microporous layer to the thermal
)/ e 5|

with two randomly chosen samples for which the micro-

value, taking place during an intervalx, and x, is the ishing. The results we obtained for the thermal diffusiv-
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