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In this work in-situ FFT impedance spectroscopy is applied to
analyze the growth of current-line oriented pores in (100) ori-
ented n-type InP. A fitting model based on standard electrical
equivalent elements is developed, which yields very consis-
tent and good results during the course of long-time etching
experiments. An analysis based on the time and parameter
dependence of the fitting parameters, as well as a measure-
ment of the pore depth as a function of etching time, allows to
identify the physico-chemical reactions and processes related
to the different parts of the impedance. The interface (reac-

1 Introduction Pore growth on n-type InP has been
observed in a variety of electrolytes. The “standard” elec-
trolyte in this case has been HCI, in the last years some
groups have successfully demonstrated that pores can be
formed with electrolytes like KOH [1] or liquid ammonia
[2]. For HCI electrolytes the resulting pores can be basi-
cally grouped into two classes according to their geometry
and growth direction. The so-called crystallographically
oriented pores (crystos) grow along <111>B directions,
their tips and walls have a defined crystallographic orienta-
tion as well, for a full treatise of this topic see e.g. [3]. The
history of these pores dates back to the 1960s, when tun-
nels were observed during the electrochemical thinning of
GaAs [4, 5] and GaP [6]. In InP the first crystos have been
observed by Takizawa et al. [7] and later been reproduced
by some groups [8, 9]. The other pores are current-line ori-
ented pores (curros); these pores grow perpendicular to the
equipotential lines, and thus usually perpendicular to the
sample surface. Since the first experimental results of Ki-
kuno et al. emerged [10], theses pores have been repro-
duced and studied by several [8, 9, 11-15].

Even though the aforementioned amount of work has
been carried out in this field, little knowledge about the

tion) at the pore tips, a mass transfer phenomenon inside the
pores, as well as a third process located outside the pores are
observed. The characteristic behavior of these processes un-
der variations of the electrolyte concentration or the applied
external potential yields a deep insight into the total pore
formation process: The potential drop over the interface at the
pore tips could be identified to be independent of the HCI
concentration or applied external potential. The mass transfer
process is directly responsible for the total current flowing,
and thus for the growth rate of the pores.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pore growth mechanisms of crysto and curro pores exists.
To get a deeper insight into the mechanisms constituting
pore growth on n-type InP, in-situ FFT impedance spec-
troscopy (FFT IS) measurements have been performed dur-
ing the pore etching experiments. The term FFT IS refers
to “Fast Fourier Transform” impedance spectroscopy [16,
17], an advanced mode of the classical impedance spec-
troscopy, in which all frequencies are applied in one signal,
thus reducing the measurement time for an individual
measurement drastically, and enabling stable (FFT) imped-
ance spectroscopy measurements during pore etching ex-
periments. This measurement technique has already been
successfully applied to macropore growth on n-Si and re-
lated experiments [18-21]. Besides the mentioned deficit of
knowledge about the pore growth on n-type InP, there exist
no in-situ impedance spectroscopy measurements as well.
Even ex-situ measurements are very rare, for the n-type
InP/HCI system only the work of Hens and Gomes [22] ex-
ists so far, which has been carried out under slightly differ-
ent conditions, e.g. with front side illumination and only at
small anodic potentials.

In this work we will focus on the current-line oriented
pores and will present first results on the impedance of this
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system. The time-dependant impedance parameters will be
analyzed in the framework of a model for the growth of
curro pores on n-type InP.

2 Experimental setup All experiments have been
performed on wafer pieces cut from (100) oriented n-type
InP with a doping concentration of Np = 10'" cm™. HCl aq.
with differing concentrations was used as electrolyte. The
experiments have been performed in an electrochemical
double cell described in full detail in [23] without further
illumination and at a temperature 7 = 20 °C. The InP was
etched at constant anodic potentials. To achieve a homoge-
nous nucleation, experiments have been started by a volt-
age pulse of 15V for 1 s.

The FFT impedance spectroscopy measurements have
been performed by a system produced by ET&TE GmbH.
Measurements were taken at 1.5 s intervals. The signal
contained 27 frequencies in the range between 50 Hz and
20 kHz.

3 Experimental results

3.1 Pores An example for the type and quality of the
obtained pores is given in Fig. 1. These pores have been
grown under optimized conditions of U = 11 V, and
6 wt% HCL.

B ) 2 um
30 20000x SE 85 AMAT Kiel

Spot Magn

Figure 1 Curro pores in n-InP. SEM micrograph of current-
line oriented pores etched under optimized conditions: U =
11V, and 6 wt% HCI.

Typical current-line oriented pores have been etched,
with a quite high homogeneity, thus enabling reasonable
FFT impedance measurements. Since these measurements
are the main topic of these work, the following part of the
manuscript will be exclusively devoted to the impedance
results. For a deeper treatise of aspects like morphology
and pore structure, as well as parameter dependance, the
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interested reader is referred to [8]. The manuscript will ba-
sically discuss the results of one series of experiments per-
formed under optimized conditions (11 V, 6 wt% HCI) for
different etching times. The results of other parameter
variations will be partly included, whenever they are able
to deliver more non-redundant information in respect to the
main series.

3.2 Impedance data The impedance measurements
during the growth of current-line oriented pores yielded
very consistent results. Figure 2 illustrates the measure-
ment for an experiment with a constant potential of 11 V
and an electrolyte concentration of 6 wt% HCI at 22 min of
the total etching time of 70 min. Shown are (a) the Nyquist
Plot and (b) the corresponding Bode Plots. The measured
data is represented by dots, whereas the lines represent the
fitting function, which is matching the data very well. The
function used to fit the data is given by

(D)

R, R, n R,

Z(w)=R; + -
(@) =R l+iot, 1+(1+i)Jor, 1+ior,
with = R22 /2 0'2, T = R1C1, and 3= R3C3.

This model corresponds to an equivalent circuit con-
sisting of a serial resistance Ry in series with two time con-
stants 7; and =, in series with a Warburg impedance, char-
acterized by the parameters 7, and o, in parallel to the re-
sistance R,. Ry, R,, and R; describe the respective transfer
resistances. Different other fit models with 7 or less fit pa-
rameters have been tried as well, but yielded only unsatis-
factory results, thus lending credibility to the applied fit-
ting model.

Since the impedance measurements have been per-
formed in-situ during the pore growth every 1.5 seconds,
the aforementioned fitting parameters can safely be plotted
as a function of time. The resulting curves are shown in
Fig. 3 for the same 70 min pore etching experiment.

The time dependance of some parameters will be ex-
plicitly named here, since they play an important role in
the discussion part. The resistance R, shows a time depen-
dance according to

¢ 0.4
R, =29.002 (—j ) ()
min
The time constant 7, shows a linear time dependance:
7, =1.32s+0.13-2 4. 3)

min

Figure 4 shows the results of a set of 12 experiments
conducted at a constant potential of 11 V with an electro-
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impedance measurement with U =11 V, 6 wt% HCI at 22 min
of the pore growth experiment. The symbols represent the
measured data, the lines indicate the fitting function Eq. (1).
The measurement frequencies in Hz are indicated in (a).

lyte concentration of 6 wt%. The etching time was changed
between the experiments and the resulting pore depth /o
at the end of the experiment has been measured.

The resulting data is plotted in form of squares and
shows a characteristic time behavior that can be well ex-
pressed by

¢ 0.60
d e =35.7um (—j . 4)
min

The derivation of this function with respect to the time
yields vy, the etching speed at the pore tips:

, zzl.m(fj‘ . 5)

tips . .
min \ min

This curve is also shown in Fig. 4 on a second scale.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

t (min)

Figure 3 Time dependance of the current density and the im-
pedance parameters. The time dependance of the current
density and the fitting parameters contained in the model
described in Eq. (1) is plotted. The impedance curves have been
smoothened by averaging to remove the measurement inherited
noise.

4 Discussion The discussion will be structured ac-
cording to the equivalent circuit of the fitting model (cf. Eq.
(1) and the corresponding part of the manuscript text), i.e.
any logical group of elements belonging to one chemical
reaction or process will be discussed separately.

WWW.pss-c.com
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Figure 4 Pore depth d,. and growth rate vy, as function of
the etching time. The dots represent individual pore depth
measurements, the functionality of dj,.(#) can be well described
by Eq. (4). The growth rate can be obtained through deriving,
its functionality is given in Eq. (5).

4.1 Ry | Cy | 7y Figure 5 illustrates the product of the

resistance R| and the current / as a function of etching time.

For times ¢ < 10 min the curve changes significantly, af-
terwards it stays rather constant at an equivalent potential
of roughly 1.8 V. SEM measurements (not shown here)
clearly show that in the first 5-10 min of any experiment
the pores are in a nucleation phase, i.e. pore growth is not
homogenous and equiaxially directed. For etching times ¢ >
10 min very homogenous pore growth is observed. The
mentioned times coincide very well with the characteristics
of the curve in Fig. 1. For stable pore growth / R; = con-
stant holds, i.e. the process / reaction has to run under a
constant potential drop for the formation of good quality
pores.
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Figure 5 Time dependance of the product current 7 times the
resistance R;. The curve shows a significant change in the first
10 minutes. Afterwards it is constant at an equivalent potential
of roughly 1.8 V.
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4.2 R, | ©p | o3 The general nature of the fitting pa-
rameters R,, », and o3 is already obvious from the partial
equivalent circuit corresponding to these parameters, it
contains a Warburg impedance parallel to a resistance. It is
well known, that diffusion in the electrolyte can play an
important role during pore growth in n-type InP, e.g. as a
diffusion limitation, which is necessary for stable pore
growth [8]. Thus, it is highly probable that the process un-
derlying these parameters is a diffusion process. A closer
look at the parameter dependancies will yield more infor-
mation about the nature of this process: The time depen-
dance of the resistance R, has already been presented in Eq.
(2). The time dependance of the growth rate vy, has been
given in Eq. (5) and shows a proportionality of 1/vi,s oc R,.
This means that the resistance R, belonging to the diffusion
process is governing the growth rate of the pores. From the
fitting model it is evident that R, is directly linked to the
Warburg impedance, and thus the diffusion phenomenon.
Since the diffusion process is linked to the transfer of ions
in the electrolyte through the length of the pores, the resist-
ance R, has to be spatially linked to this process, i.e. it will
also represent a process/reaction in through the length of
the pores.

The transport through the pores, either by diffusion of
ions in the pores or by the ohmic process represented by R,,
thus is the rate limiting process during the growth of cur-
rent-line oriented pores in n-InP.

4.3 R; | C3 | 73 The time dependance of the fitting pa-
rameters R;, C;, and 7; for the third process / reaction share
one common characteristic. They show significant changes
during the first 10 min of the experiment. Afterwards they
only show slight or no changes at all. As already discussed
in Section 4.1, the first 10 min belong to the nucleation of
pores, afterwards stable pore growth occurs. This means
that whatever is described by the third process, it can only
distinguish between two states: pores exist and pores do
not exist. If the pores have nucleated, further pore growth
does not influence the process anymore, or in other words:
the process is not dependant on the pore depth (and thus on
e.g. ohmic losses).

4.4 Variation of the HCI concentration As men-
tioned in Section 2, experiments with different HCI con-
centrations have been performed. Due to the restricted
space of the manuscript, from the large variety of interest-
ing results just the most prominent will be presented here.

One interesting finding is that the product of the cur-
rent / and the resistance R; after the nucleation phase is the
same constant equivalent potential of 1.8 V, as it was
shown for 6 wt% HCI in Fig. 5, for all electrolyte concen-
trations in the range of (3-7) wt%.

Another interesting behavior is observed for the time
constant 7. In Fig. 3 it was already shown to have a linear
dependance on the etching time. The same linear slope is
found in experiments with the aforementioned differing

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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HCI concentrations. The only difference is the starting
point for # = 0 min, i.e. the curves show the same slope and
have an offset only, which depends on the HCI concentra-
tion.

5 Conclusion The growth of current-line oriented
pores has been analyzed with in-situ FFT impedance spec-
troscopy. The resulting impedance could be fitted very
well and consistently with the fitting model presented in
Eq. (1) under the variation of various etching parameters
(etching time, HCIl concentration, applied potential, tem-
perature). Three semicircles are present in the Nyquist-Plot
(cf. Fig. 2) representation of the impedance, which can be
linked to three reactions / processes.

R,

T3

G,
NL

Figure 6 Schematic repre-
sentation of the interpretation
of the impedance data. The
parameters with index 1 de-
scribe the charge transfer and
capacitance of the semicon-
ductor electrolyte interface at
the pore tips. The parameters
with index 2 belong to a mass

T, ;
Goore 9 |c(d)

N

/Rx transfer in the pores. Parame-
1 71 ters with index 3 could belong
C1 to a chemical reaction/process

N2 outside the pores.

These reactions are interpreted according to the sche-
matic illustration of pore growth in Fig. 6. Reac-
tion/process 1 describes the interface reaction/capacitance.
The constant potential drop (Fig. 5) is characteristic for
stable and good pore growth. Reaction / process 2 de-
scribes the transfer of ions through the electrolyte. The dif-
fusion related parameters show a linear time dependance
(), resp. a constant behavior in the stable pore growth re-
gion (o). The ohmic part (R,) is proportional to the growth
rate Vyps. The reaction / process 2 is the rate determining
reaction / process for the growth of current-line oriented
pores in n-type InP. Reaction/process 3 is not dependant on
the pore depth. Thus it could be a reaction outside of the
pores as indicated in Fig. 6. Another possible explanation
could be, that it is a partial reaction of the total reaction at
the pore tips. Further work will be necessary to clarify this
question.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In the same vein, further experiments have to be car-
ried out to get more information about the individual proc-
esses. Especially, similar impedance spectroscopy meas-
urements will be carried out during the growth of crystal-
lographically oriented pores to obtain a wider understand-
ing of the pore formation in InP.
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