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Abstract: In this work, we report the electrical properties of cytochrome C (Cyt C) inside porous
silicon (PSi). We first used two techniques of protein infiltration: classic sitting drop and
electrochemical migration methods. The electrochemically assisted cell, used for the infiltration
by electro-migration, improved the Cyt C nucleation and the crystallization behavior due to the PSi.
We were able to carry out the crystallization thanks to the previous infiltration of proteins inside the
Si pores network. We then continued the protein crystal growth through a vapor diffusion set-up.
Secondly, we applied both forward and reverse bias currents only to the infiltrated Cyt C. Finally,
the electrical characteristics were compared to the control (the protein molecules of which were not
infiltrated) and to the samples without protein infiltration. The linker used in the sitting drop method
influenced the electrical properties, which showed a modification in the current density. The simple
drop method showed a current density of ~42 A/cm?; when employing the electrochemical cell
technique, the current density was ~318 A/cm?; for the crystallized structures, it was ~0.908 A /cm?.

Keywords: cytochrome C nucleation and crystallization; protein infiltration; porous silicon; electrical
properties; silanes; electron-transfer biomolecular devices; [-V characteristics

1. Introduction

Porous Si (PSi) is a versatile material that has generated interest because of its compatibility
with biological materials and its different applications, such as in medicine [1,2] and molecular
electronics [3-5]. Cytochrome C is a protein whose solid-state electrical properties have been studied
in recent years [6-8]. Thin films of cytochrome C in its solid state have conduction mechanisms both
inside the molecule and at the macroscopic level in the form of a thin film [9,10]. The possibility of
using these conduction mechanisms, using PSi as a base for infiltrating cytochrome C, allows the study
of the thin films’ electrical properties as a hybrid material—that is, an effective medium formed by PSi
and cytochrome C.

Different protein immobilization methods have been reported. The most common is the drop
infiltration method or covalent bond immobilization [11,12], which consists of modifying the functional
group of the PSi surface by thermal oxidation and subsequently with two silane groups. This method
serves as a binder to immobilize the protein, thereby forming covalent bonds of the functional groups
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of the PSi surface with some of the functional groups of the protein. This method also allows its
position to be identified with respect to the metallic contact or the substrate, thereby allowing electrical
measurements to be carried out.

In this work, we used an ad hoc method for protein infiltration, based on preceding work [13]
in which the protein crystallization was induced by employing magnetic and electric fields (DC) as
nucleation-inductor factors. With this method, it is not necessary to do thermal oxidation or silane
impregnation of the PSi; only an anodizing current is applied that causes the protein to infiltrate into
the porous silicone due to the isoelectric point of the protein and the PSi. Subsequently, we continued
with the protein crystal growth through a vapor diffusion set-up. We applied both forward and reverse
bias currents only to the infiltrated Cyt C. Finally, the electrical characteristics were compared to the
M/Ox/Si and M/PSi/Si structures, as well as to the control (where the protein molecules were not
infiltrated) in the case of the crystallized samples.

The electrical properties can be studied through the measurement of current-voltage (I-V) curves
as a first approximation, to determine whether the material modifies its conductivity according to the
method of infiltration. Once the protein is infiltrated by anodization, the I-V curves of the material
are obtained. In comparison with the I-V curves of the immobilization, infiltration is larger by two
orders of magnitude. The I-V curves of the crystallized proteins inside the PSi show a change in
the order of magnitude and the current shows an asymmetric form. We then compared the level of
current obtained for the crystallized protein with respect to the non-crystallized proteins. Our first
approximation was based on the Schottky diode model, where the I-V curves let us determine the
Schottky barrier height, considering the structure of the porous material as an effective medium.
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The porous layer is considered as in the model proposed by Vikulov et al. [14], in the equation for
current density. In order to determine the height of the barrier we assume the structure to be as in
the Schottky diode and use the relation of specific contact resistance (Rc), the relation for a rectifying
contact in our case, according to the experimental I-V curves. This allows us to obtain the relations for

Rc [15]:
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where k is the Boltzmann constant, T is the temperature, A* is the Richardson constant and ¢p is the
Schottky height barrier. Following the idea of the Schottky diode model, the ideality factor (n) can be
calculated using the exponential relations:
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where n is the ideality factor, determined by evaluating the slope in the I-V curve’s exponential section.

)

2. Results and Discussion
2.1. SEM Images of the Porous Silicon Infiltrated Structures

2.1.1. Structures Infiltrated Using Silane-Coupling Agents

The PSi was stabilized by thermal oxidation at 1073.15 K, generating Si-O bonds. After this,
the PSi/oxide layer was infiltrated employing silane-coupling agents, 3-aminopropyltriethoxysilane
(APTES) and (3-Mercaptopropyl) trimethoxysilane (MPTMS), producing silane functional groups.
The APTES [16] and MPTMS [17] molecule sizes are reported as 0.56 and 0.7 nm respectively. The silver
(Ag) contact evaporated thickness is around 200 nm and the area covered by the circular Ag contact
is 3.14 x 10~° m?; this area is used to determinate the maximum current density ] in the electrical
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characterization. Figure 1 shows SEM images of the structure M/PSi-APTES-Cyt C/Si. The image
in Figure 1a presents the surface of the structure that was infiltrated; the pores observed are around
10 nm in diameter. The image in Figure 1b presents the center zone in (a) that is amplified to observe
the pores clearly. The image in Figure 1c shows a cross view of the structure with the metallic contact
evaporated on its surface. The top of Figure 1c shows the Ag contact interface; the bottom shows the
Psi-Si interface. Through this scheme of the structure we carried out the electrical characterization.
The thickness of the PSi layer is around 1 pm according the scale in Figure 1c. The image in Figure 1d
shows the top of the structure without metal contact. Apparently, the infiltration process distorts the
first 200 nm from the top to the PSi, and this shows the penetration distance inside the porous layer.

5-5500 1.0kV x50.0k SE

(d)

Figure 1. SEM images of the 3—-aminopropyltriethoxysilane (APTES) structure: (a) top view of the

infiltrated layer in a zone without Ag contact; (b) amplification of the center zone from (a); (c) transverse
view of the M/PSi-APTES-Cyt/Si structure; (d) transverse view of the structure without metal contact.

Similar images are shown for M/PSi-MPTMS-Cyt/Si in Figure 2. The image in Figure 2a
corresponds to the structure after the Cyt C infiltration. The amplification in Figure 1b shows open
pores, but in Figure 2b the pores appear closed; apparently, the MPTMS agglomerates on the surface.
In Figure 2c, the structure cross view shows that the Psi layer thickness is ~4 pm. In Figure 2d,
a difference in tone is shown at 100 nm from the top side of the layer, which suggests that the infiltrated
materials are inside this first section of the layer.

In Figure 2d, the top of layer is darker than in Figure 1d and the top layer is thinner, at ~100 nm,
suggesting that a layer of MPTMS was formed over the surface. That is in agreement with the
dimensions of the silane molecules. On the other hand, the cross view in both of the structures reveals
that the pores are empty in the structure with APTES, while the pores in the structure with MPTMS
are filled or covered.
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Figure 2. SEM images of the 3—-mercaptopropyltrimethoxysilane (MPTMS) structure: (a) top view
of the infiltrated layer, (b) amplification of the center zone from (a); (c) cross view of the structure,

at the top of the image the Ag contact interface, with the Psi-Si interface highlighted by the charge
accumulation; (d) transverse view of the structure.

2.1.2. Structures Infiltrated by the Electrochemical Migration Method

In the second infiltration method, the PSi was stabilized as described in the previous subsection,
without infiltration with silane-coupling agents. The electrochemical migration method was used
to infiltrate the Cyt C into the walls of the PSi. Figure 3 shows SEM images of 12 um and 3.3 h of
infiltration of the sample. In Figure 3a, the top view of the sample, pores cannot be observed as they
are completely filled or covered by protein. Figure 3b shows the thickness of the PSi layer. On the top,

a thicker protein layer is present, around the same thickness as the PSi layer; this explain why no pores
are observed in Figure 3a.

-

12.3pm

SU3500 3.00kV 7.2mm X14.0k SE SU3500 3.00kV 21.9mm X1.70k SE

(a) (b)

Figure 3. SEM images from the top and cross view of the sample with 12 pym and 3.3 h of infiltration:

(a) top view of the infiltrated layer; (b) cross view of the structure; at the top of image, the Ag contact
and the Cyt C layer formed with the electrochemical migration.
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2.1.3. Structures Infiltrated with Crystallized Cytochrome C

In order to know the difference between the infiltration processes used in this work, we used a
control sample, prepared using the hanging-drop vapor diffusion method (see Section 3.4), which does
not present electrochemical migration in the crystallization process of Cyt C. In Figure 4, SEM images
for both cases are shown. In Figure 4a, the surface of the control sample, the crystals formed have a size
of ~10 um. It should be noted that the protein in this work is not purified, so the form and size of the
crystals obtained were smaller and differently shaped compared to the orthorhombic crystals reported
by Mirkin et al. [18]. The image in Figure 4b corresponds to the electrochemical migration sample; in
this case, the crystals are on the sample surface. They have a size of ~1 pm, and the orthorhombic
shape is not well-defined. The needles in the image correspond to the surfactant residues.

- - *e L. - N » .
SEM HV: 10.0 kV WD: 19.32 mm VEGA3S TESCAN SEM HV: 10.0 kV WD: 19.14 mm VEGA3 TESCAN
View field: 91.7 pm Det: SE Moreno’s lab View field: 34.6 ym Det: SE Moreno's lab

Figure 4. SEM images of the structures after the crystallization process of the infiltrated proteins:
(a) crystals on the sample control; (b) micro-crystals on the surface of the PSi structure (the larger
needles are the crystal salts of the precipitating agent).

The results obtained from the SEM images can be compared with optical images of crystallized
Cyt C, both purified and non-purified, infiltrated into PSi. Figure 5a shows that the size and
orthorhombic shape of the crystals is larger and well-defined, respectively, for the purified Cyt C; the
shape corresponds to the isoform F1, in agreement with that reported for this protein elsewhere [19].
In Figure 5b, which corresponds to the unpurified Cyt C infiltrated in the PSi, the crystals are smaller,
irregular and less well-defined than those for the orthorhombic-shaped crystals. The same behavior is
observed in the SEM images (Figure 4).

(b)

Figure 5. Optical imaging, (a) crystals of purified protein; (b) non-purified protein crystals.
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The crystallization of cytochrome C was possible even with the unpurified protein; the effect of
the electromagnetic field on the growth of protein crystals has already been reported [18]; however,
the possibility of obtaining protein crystals with unpurified proteins opens the possibility of other
applications that are more economical and simple in terms of crystallization time.

2.2. Electrical Characterization

The electrical characterization is based on I-V curve measurements. The semi-log I-V curves were
measured at room temperature. To understand the conduction mechanism for the samples obtained,
the log-log I-V curves for the APTES sample are shown. In the equipment used to measure the
I-V curves, a compliance voltage limits the intensity of the current, so the curves show a flat region
when the current reaches 0.1 A. At that point, the current density ] was determined using the contact
area value.

2.2.1. I-V Measurements of APTES and MPTMS Structures

Figure 6 shows the I-V curves for the M/PSi-APTES-Cyt C/Si and M/PSi-MPTMS-Cyt C/Si
structures. The black line is the measurement of the M/Ox/Si structure. The graphic in Figure 6b
shows the log-log I-V of the forward bias. The current from MPTMS is higher and more symmetric
than that from APTES. The behavior of the MPTMS structure is closer to the M /Ox/Si.

0.1
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1E-3 5

1E-3

I (A)

1E-4 o ==——M/OX/Si
——MPTMS
——APTES

(A
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1E-5 A
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1E-74 ——MPTMS 71 a
——APTES 187
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Figure 6. I-V curves for the M/PSi-APTES-Cyt C/Si and M/PSi-MPTMS-Cyt C/Si structures: (a) log
I vs. V measures; (b) log-log I-V for forward bias. Sections a, b and ¢, indicate the conduction
mechanisms described in the text.

The log-log I-V curves are clearly different for both structures. The graphic in Figure 6b considers
the infiltrated PSi an effective medium, which enables us to consider three sections in the curve,
related to different conduction mechanisms. Figure 6b shows the following behavior: Section (a) is
associated with the deep traps at the interface of the M/PSi-silane coupling agent-Cyt C, and the
dependence is linear, modifying the slope in the low-voltage region. In Section (b), the current increases
exponentially, the slope is the ideality factor in the Schottky structures. In this section, the dominant
conduction mechanism is recombination-tunneling [20]. In Section (c), the current follows the potential
relation >>2, which indicates that the transport mechanism is dependent on temperature; this requires
measurements at different temperatures [21]. Table 1 shows the slopes determined from the I-V curves
for each section in Figure 6b.
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Table 1. Slopes for the sections in the I-V curves for the 3-aminopropyltriethoxysilane (APTES) and
3-mercaptopropyltrimethoxysilane (MPTMS) samples.

Sample Section a Section b Section ¢
APTES 0.18 4.62 12.92
MPTMS 1.14 2.11 442

2.2.2. I-V Measurements of Structures Obtained by the Electrochemical Migration Method

For infiltration by electrochemical migration, M/PSi-Cyt C/Si structures were fabricated.
The infiltration times were 2.2, 3.3 and 24 h. The thicknesses are listed in Table 2. Figure 7 shows the
log I vs. V curves for different times and thicknesses; curves for M/Ox/Si and M/PSi/Si structures
are in both graphics for comparison. Figure 7a, the graphic for 2.2 h, shows the current intensity for
layers with 10 and 3 um thickness; the current is lower than the PSi and the shape is not symmetrical.
The inset is the log-log I-V curves; two slopes are identified and the values are similar for both samples;
this indicates that the electrical behavior is independent of the thickness of the PSi layer. The values
for the slopes are listed in Table 3.

Table 2. Thickness and infiltration time for the electrochemical migration of the infiltrated samples.

Sample Thichness (um) Infiltration Time (h)
EM1 3 2:20
EM2 10 2:20
EM3 3 3:30
EM4 6 3:30
EM5 12 3:30

Table 3. Slopes for the sections in the I-V curves for the samples in Figure 7a.

Sample a b
EM1 1.36 5.79
EM2 1.31 6.86

0.1+ 0.1+
0.014
1E-3 4 0.01
< 1E44

1E-5 4 1E-3 4

1E-6 A .
= M-Ox-Si
= M- PSi-Si

1E-7 4 EM1 w T = 1E-4

Figure 7. (a,b) I-V curves for samples with different thicknesses and infiltration times.

The slope in Section (a) for the two samples is between 1 and 2, thus the predominant conduction
mechanism is recombination-tunneling. The graphic in Figure 7b shows the current intensity for
samples infiltrated for 3.3 h. The slope values confirm behavior close to that of the M/Ox/Si structures,
and in the case of the EM3 sample the current is above the conductive behavior of those structures.



Crystals 2017, 7, 194 8 of 14

In Table 4, the slope values are listed, including the values for the M/Ox/Si and M/PSi/Si structures.
As in the case of 2.2 h samples, the behavior is independent of the thickness of the PSi layer.

Table 4. Slopes of log-log I-V curves for the samples in Figure 7b.

Sample Slope (n)
EM3 1.21
EM4 1.32
EM5 1.60

M/Ox/Si 1.24
M/PSi/Si 1.54

The graphic in Figure 8a shows the I-V curves for the 2:20 and 3.3 h samples with 3 um; the
structure infiltrated for 3.3 h has a current higher than that of the M/Ox/5i structure. Infiltration time
is a factor of the quantity of Cyt C infiltrated into the PSi for the M/PSi-Cyt C/Si structure. This agrees
with the SEM image in Figure 3. In Figure 8b, the log-log I-V curves for the forward bias, obtained
from the graphic in Figure 8a, allow us to compare the magnitude order of current I and to gain
knowledge of the conduction mechanisms.

O3 P P —— . 0.1
.'g‘ ..'/
4
4 7 4
0.01 \ i 0.01
\

1E-3 4 1E-3 4

; 1E-4 o § 1E-4
/
-+
e
1E-5 1E-5 e ‘
1E-6 - 1E-6 4 == ——3:30h
—e—3:30 hrs. -7 2:20h
220 hrs. - ——M-Ox-Si
4E.7] Thickness: 3um 1871 Thickness 3um
T T T T 1 T T T
-15 -10 -5 0 10 15 0.1 1 10
V (V) V (V)
(a) (b)

Figure 8. Comparison of I-V curves for samples with 2.2 h (a) and 3.3 h (b) infiltration times.

2.2.3. I-V Measurements of Structures after the Crystallization Process

In Figure 9, I-V curves for M/PSi-Cyt C/Si structures after the crystallization process, are shown.
The infiltration time was 24 h. The black line corresponds to the control sample (M/PSi-Ox/Si
structure) without Cyt C infiltration. The crystallization process reduces the current intensity and,
at the same time, changes the conduction mechanisms. This behavior is close to that observed in
Figure 6a. The inset graphic shows the log-log I-V curves; as in the structures in Figure 7a, only the
deep trap and recombination-tunneling conduction mechanisms can be observed. The slopes from
these structures are listed in Table 5.

Table 5. Slopes of log-log I-V curves for the samples infiltrated after the crystallization process.

Sample (a) (b) (c) Thickness (um)
Control 0.88 372 442 10
XTAL 1 096 11.79 50

XTAL 2 1.09 6.35 5
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Figure 9. I-V curves of the structure samples M /PSi-Cyt C/Si after the crystallization process. The inset
shows the log-log I-V curves.

2.3. Determination of Electrical Parameters

As already mentioned, the structures in this work were considered to be like a Schottky diode.
The electrical parameters were determined by Equations (1)—(3). The contact resistance (Rc) values
were obtained from the I-V curves; as indicated in Equation (1), this is the inverse of derivate respect
to applied voltage, evaluated in V = 0. The values of Rc were used in Equation (2) in order to obtain
the height barrier (¢3); thus, from Equation (2), the relation for the height barrier is as follows:

KT, [ eA*T2Rc
¢pp = —In (kT) (4)

e

Table 6 lists the electrical parameters obtained from the I-V curves; that is, Rc, ¢p and the
maximum current density J. The value of ], as we mentioned in Section 2.3, was obtained at the point
that the compliance voltage limits the measuring instrument, causing the current to become a flat line;
in the case of the crystallized samples, the current was below the limit mentioned, so the value of |
was determined at the maximum value of V = 15 volts.

Table 6. Electrical parameters calculated using Equations (1)—(4) and the I-V curves.

Sample Rc (©)) ¢B (eV) J (AJem?)
APTES 0.19 1.56 32.33
MPTMS 18,511.47 1.66 42.20
ME1 208.04 1.58 315.13
ME2 78.28 1.54 315.13
ME3 0.14 1.35 318.55
ME4 0.02 1.37 298.38
ME5 0.0097 1.36 310.30
XTAL1 900.65 1.58 0.408
XTAL2 2642.11 1.61 0.908

Re: contact resistance; ¢p: height barrier; J: maximum current density.

The ¢p values listed in Table 6 do not seem to be consistent with the current density, which provides
an idea about the equations used in this work; since this is a first approximation we consider that the
model must be improved, considering the conduction mechanisms of both the PSi and Cyt C separately.

3. Materials and Methods

3.1. APTES and MPTMS Structures

Figure 10 shows a scheme of the process for the obtainment of the structures. In the first part,
the PSi layers were obtained by electrochemical anodization. Next, these layers were placed in a
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furnace for the oxidation process, followed by the infiltration processes through the simple drop and
electrochemical migration methods. Finally, all samples were evaporated on a metallic contact; in this
case, with Ag circles. The electrical characterization was realized for all samples; the I-V measurements
were taken in the transversal mode as shown in Figure 10c as published elsewhere [21].

3.1.1. PSi Preparation

The PSi layers used in this work were obtained by the electrochemical etching of p-type Si,
phosphorus-doped, single-side-polished and 100-oriented silicon. Highly doped substrates (p++)
with a resistivity of <0.005 ()-cmm were used. The electrolyte consisted of a mixture of aqueous
40 wt % HF (hydrofluoric acid) and absolute ethanol (99.9%) in a volumetric ratio of 1:1. An etching
process was performed using a small cell made of Teflon, as described in Figure 10a. The etching
process was executed to obtain layers with 60% porosity, determined by the gravimetric method [22].
The gravimetric method and profiler measurements were used to determine the growth velocity and
thickness of the layers

Structure infiltrated

‘. DROP APTES PROTEIN before evaporation S
- o INFILTRATION MPTMS 4 T
© Electrochemical 0 I"* .
\ [ \ 8 ue’ se 8
€0 J ELECTROCHEMIC PROTEIN e
Siwafer ——— 7_F.,~,Q o ALMIGRATION s (100)p++
Cuele;tmde
(@) (b) (©)

Figure 10. Scheme of the processes performed in order to obtain the samples: (a) electrochemical
anodization cell; (b) infiltration process steps; (c) experimental arrangement of electrical measurement
in the transversal mode. The structure is embedded in the Si wafer; the picture on the left side is from
before the evaporation process.

3.1.2. Oxidation and Silane Stabilization

Before the infiltration process, the PSi must be modified due to the functional groups on the
surface. The oxidation and silane stabilization processes allow the immobilization of proteins on the
surface of the PSi. The thermic oxidation of PSi consists of placing the samples inside a tubular furnace
(25-1200 °C) with a controller 1/16-DIN PROFILER/CONTROLLER. The process was carried out with
an oxygen atmosphere: firstly, pre-oxidation at 300 °C for 10 min, followed by a temperature ramp of
100 °C/min up to 800 °C. This temperature was maintained for 3 min, at which point the furnace was
turned off. The samples were removed to room temperature and stored in a desiccator.

The two silane stabilization processes (employing silane-coupling agents APTES and MPTMS)
were performed: (1) the samples were dipped in 3-aminopropyltriethoxysilane (5% in toluene) for
1.5 h, then dipped in toluene and then dried with N; flow and stored at room temperature; (2) the
samples were immersed in 3-mercaptopropyltrimethoxysilane (5% in isopropanol) as the functional
reagent for 2 h. Samples were then removed and washed with isopropanol, then dried with N flow
and stored at room temperature until use.

3.1.3. Drop Infiltration

Once the samples were stabilized by the silane-coupling agents, a drop of Cyt C solution was
deposited on the surface of the porous layer for 24 h at 277 K. After that, the remaining solution was
retired and the samples were covered for 12 h at room temperature. The solution was prepared with a
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concentration of 5 mg/mL of cytochrome C from Sigma-Aldrich and a phosphate buffer solution of
pH 7.0 and 1 M from J. T. Baker.

3.2. Electrochemical Migration Method

The electrochemical migration process consisted of a crystal growth cell connected to a DC power
supply, which allows the protein to migrate inside the PSi without the silane stabilization process.
The DC apparatus was a Potentiostat/Galvanostat (Vimar, Mexico) which supplied a direct current of
2 pA for 2.2, 3.3 and 24 h. The construction of the electrochemical migration cell was made following
the procedure of Pareja-Rivera et al. [13], using the Si wafer as a cathode. The description of this cell is
given in Appendix A.

3.3. Sample Preparation for I-V Measuurements

For the I-V measurements, all samples were evaporated on a metallic contact, using a stainless
steel mask with circles of 2 mm diameter. Silver wire from Sigma—Aldrich with 99.99% purity was
used at 1 x 107° torr. Other authors report an additional step after evaporation: their samples were
subjected to heat treatment at 300 °C in order to ensure the ohmic contact. In this work, because of the
protein characteristics, this heating was not possible. A Keithley 4200 A Semiconductor measuring
system, using tungsten micrometric positioning tips, was used to obtain the I-V curves [21].

3.4. Crystallization Process

The crystallization of the cytochrome C used for the control sample was prepared by using the
hanging-drop vapor diffusion method on EasyXtal crystal support plates (QIAGEN Lot No. 55402874).
The crystallization conditions were those published by Sanishvili et al. [23], who also crystallized the
oxidized form of native Cyt C. The reservoir (750 uL) contained 30% PEG-1000 in 50 mM sodium
phosphate pH 7.0. Droplets of 4 uL (2 uL protein + 2 pL precipitant) containing 25 mg/mL of
cytochrome C with 25% PEG-1000 both in the same buffer phosphate pH 7.0 were incubated at 277 K
for 32 days. Under the conditions used by Sanishvili et al., we obtained poorly shaped aggregates.
In our previous publication [18] using re-purified Cyt C, these aggregates were used as microseeds
and were transferred (by means of a cat whisker) to pre-equilibrated droplets containing 22 mg/mL of
protein and 25% PEG-1000 both prepared in 50 mM buffer phosphate pH 7.0. After one week, several
orthorhombic crystals could be obtained

Cytochrome C was infiltrated as described in Section 3.2. It improved the Cyt C nucleation and the
crystallization behavior due to the PSi. Though the microcrystals deposited on silicon were analyzed
by scanning electron microscopy using a STEM Vega 3 from TESCAN (Czech Republic), they faced the
risk of being destroyed when collecting images. The imaging was performed using low pressure to
avoid damaging the samples.

4. Conclusions

The PSi layer was obtained by the electrochemical etching of p-type Si with 60% porosity
determined by the gravimetric method. This layer was oxidized by thermal oxidation to generate Si-O
bonds. These bonds were employed to pin up the silane groups obtained by the infiltration of the
silane-coupling agents APTES and MPTMS. The silane groups allow the interaction with the protein
and the different structures used in this work. We used two protein infiltration techniques: the sitting
drop technique and electrochemical migration method. Cyt C was infiltrated into the PSi by using
purified and non-purified forms. With the M/Psi-silane-coupling agent-Cyt C/Si and M /PSi-Cyt C/Si
structures were obtained. The crystallization of proteins was found to be feasible on the surface of PSi.
I-V curve measurements were made of these structures, which determined the Schottky barrier height.
The basic equations of the Schottky diode model were used as a first approximation to determine
the effect of the infiltrated protein (purified and non—purified) on conductivity into the structures.
The model, according to the electrical parameters, is not the most appropriate for carrying out analysis
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of the structures, so the next step is to perform the I-V measurements at different temperatures and to
obtain the C-V curves. However, the information obtained from this first approximation allows us
to consider that a PSi layer infiltrated with a protein forms an effective media that is an alternative
procedure for the building of photovoltaic devices. The electrical parameters of structures with
crystallized proteins do not help to improve the transport properties within the structures, so the
crystallization process can be avoided in the case of photovoltaic structures. According to the I-V
curves, the most efficient method, in terms of electrical properties, is electro-migration.
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Appendix A

Electrochemical Migration Cell

The electrochemical migration cell consists of one PSi plate and the second plate was a conductive
polished indium tin oxide (ITO) glass float of 3.0 x 2.5 cm?, with a resistance ranging from 4 to 8 Ohms
(Delta Technologies, Loveland, CO, USA). One conductive glass surface coated with indium tin oxide
(ITO) and the second PSi surface were used as an electrode, placed inward, facing the structures
infiltrated by electrochemical migration. The ITO and PSi structures were placed 0.5 cm from one
another, in order to provide a connection that is electrically safe with the electrodes (anode/cathode)
when applying a direct current (DC). The cell was prepared using a double well frame (for a vapor
diffusion set up), as shown in Figure Al; the frame was made of elastic black rubber material, sealed
with vacuum grease, so the rubber frame was perfectly attached to the ITO film and PSi to avoid
leakage. The growth cell can be fixed using a silicone bar melting gun. The cell was constructed
following the procedure of Pareja-Rivera et al. [13], but in our case using a Si wafer as a cathode.

ITO

O~

Si p++

Cyt
Solution

ITO

Figure A1. Electrochemical migration cell set-up scheme: (a) lateral view scheme of the cell, where the
positive electrode is connected to the ITO, and the negative electrode is connected to the Si substrate;
(b) image of the cell connected to the current source; (c) top view of the cell, where the Cyt C solution
is in the center of the PSi layer area.
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