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ARTICLE INFO ABSTRACT

Keywords: Semiconductor/liquid junctions exhibit distinctive electrochemical behaviors. This study investigates the
InP passivation of lightly doped 10° em™3) n-type indium phosphide (n-InP) in liquid ammonia. Under photoanodic
Ammonia o conditions, a Polyphosphazene (PPP) film forms on the InP surface. The formation of PPP ultra-thin film was
(S:emlC(.)ndL;fllzorbp;SSﬂ./atlon confirmed through X-ray photoelectron spectroscopy. Cyclic voltammetry revealed a progressive positive shift in
hzi:;zz;l ¢ behavior the onset potential for photocurrent, indicating successful progressive passivation. Capacitance-voltage mea-
Cycle voltammetry surements showed a constant capacitance (~ 1.3 pF.cm~2) over 400 mV after passivation, signifying the for-
mation of a stable capacitor-like structure at the interface in a large potential domain. Cyclic voltammograms
acquired at different scan rates demonstrated that the current was proportional to the scan rate, confirming the
capacitive nature of the InP/PPP interface. The same interface capacitance was also quantified from the slope of
the linear fit between the current and scan rate, showing that the PPP film acts as a dielectric layer with a fixed
capacitance. This capacitor-like behavior leads the semiconductor in accumulation configuration from open
circuit potential to lower potentials. To balance the electrical charges, the PPP should be positively charged in
this range of potentials. The capacitance was used to determine the relative dielectric constant of the PPP film,
which was found to be approximately 6.9. This value is consistent with that of polymeric materials exhibiting
good insulating properties, further supporting the effective dielectric behavior of the PPP layer. This capacitor-
like behavior alters the electrochemical response and stability of the InP/NHs Liq. interface, underscoring its

potential for innovative electrochemical applications.

1. Introduction

Semiconductor (SC)/liquid junctions exhibit highly distinctive be-
haviors, giving rise to original and specific electrochemical concepts
compared to metals [1-4]. Semiconductor electrochemistry often in-
volves surface chemical modifications driven by anodic or cathodic
processes, which are highly dependent on the semiconductor’s nature
and the electrolyte’s composition. Among the various liquid junctions,
the SC/liquid ammonia interface demonstrates unique electrochemical
reactions [5-8], linked to the remarkable properties of liquid ammonia
(NH3 Liq.) including low viscosity, low dielectric constant, and an
exceptionally broad alkaline pH range [9]. This non-aqueous solvent
enables experiments to be conducted in the absence of active residual
water, ensuring that surface transformations are solely attributable to
the properties of ammonia. From a fundamental perspective, the SC/
NH;j Liq. interface introduces novel concepts that deviate from those
established for aqueous electrolytes. Among III-V semiconductors InP or
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GaP compounds exhibit unique electrochemical behavior when anodic
processes are initiated [10,11]. This leads to a remarkable passivation
phenomenon associated with the formation of an ultra-thin Poly-
phosphazene (PPP) film onto InP first [12-14]. Although the passivation
mechanism is not yet fully understood, it appears to involve two
consecutive steps: The initial anodic electrochemical dissolution of InP,
which releases phosphorus (P3+) and Indium (In3+) cations into the
solution. Subsequently, these phosphorus cations react with ammonia,
leading to the chemical precipitation of a Polyphosphazene (PPP)-like
film onto the InP surface. This process creates a superficial and complete
covering network with a “P-N" skeleton structure, significantly altering
the junction’s electrochemical response. Studies of this phenomenon
have recently focused on lightly doped n-type InP (10'%/cm®). Using
lightly doped InP allows passivation to occur exclusively through the
consumption of photo-generated holes, facilitating a quantitative un-
derstanding of hole consumption and thereby enabling better control
over PPP film formation [15]. XPS analyses further elucidate the
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chemistry of the passivation film, revealing new specific N and P photo
peaks and confirming the ultra-thin nature of the PPP film, as it shields
the InP surface response. Electrochemical observations demonstrate the
formation of the passivation layer, including a shift of more than 1 V in
the flat-band potential, and the disappearance of the photopotential at
Vocp [15,16]. The purpose of this paper is to elucidate these specific
electrochemical behaviors using impedance measurements and cycle
voltammetry.

2. Experimental

Indium phosphide (InP) wafers with an n-type doping concentration
of 10'® em ™3 and a (100) crystallographic orientation, procured from
InPact Electronic Materials, Ltd., are cleaved into square samples with
an area of 0.1 cm? and a thickness of 350 pm. Before passivation, these
samples undergo chemo-mechanical polishing using a 2 % solution of
Brz in methanol (CHsOH), followed by an extensive rinse in high-purity
methanol and subsequent drying using a nitrogen (N2) stream. To
remove any residual surface oxides, the samples are immersed briefly in
a 2 M HCl solution immediately before experimentation and rinsed with
ultra-pure HoO [17,18]. For the electrochemical passivation process,
NHs is condensed from electronic-grade gaseous ammonia supplied by
Air Liquide. To improve the conductivity of the electrolyte, high-purity
ammonium bromide (NH4Br) at a concentration of 31072 M (from
Sigma Aldrich) is dissolved in the liquid ammonia to provide a constant
pH given by NH,Br full dissociated ion into NH**, the strongest acid in
NH; Liq. [9]. A constant pH of 1.3 (referred to ammonia scale) prevents
any variation in the flat band potential (Vg,) [19]. The electrochemical
setup involves a conventional three-electrode configuration connected
to a Parstat 2273 potentiostat, with a platinum counter-electrode and a
silver reference electrode (SRE) [20] for potential measurement. The InP
illumination is provided by an optical fiber immerged in a cryostat at
—55 °C where the electrochemical cell was placed. Interfacial imped-
ance measurements are conducted at a frequency of 1.03 kHz with a scan
rate of 5 mV/s. Mott-Schottky analysis was employed to gain deeper
insights into the semiconductor properties of InP electrodes interfaced
with liquid ammonia. Plotting the inverse square of the capacitance
against the applied potential yielded the Mott-Schottky plot, the line-
arity in the Mott-Schottky plot indicates that the semiconductor is in the
depletion regime, where majority carriers are depleted near the surface,
forming a space-charge layer (SCL). From the slope of this linear portion,
it is possible to determine the expected doping concentration of the InP
electrodes. The intercept of the extrapolated line at C2 = 0 corresponds
to the flat band potential (Vg,), a critical parameter representing the
potential at which no band bending and no space-charge region exists at
the interface [21]. This intercept is obtained through mathematical
extrapolation, as experimentally reaching Vg, is not possible due to the
consistent presence of a band-bending at InP/electrolyte interface.

3. Results and discussion

The electrochemical behavior of indium phosphide (InP) in liquid
ammonia was explored using cyclic voltammetry over a potential range
from —0.5 V to +2.0 V versus the silver reference electrode (SRE) with a
scan rate set at 20 mV/s. For lightly doped n-InP with a carrier con-
centration of 10'® cm ™3, the cyclic voltammogram recorded in the dark
showed negligible anodic current throughout the entire potential range
(Fig. 1). Under illumination with reduced light intensity (1 % of the
reference flux, ®o). The reference flux corresponds to the maximum
power output of the white light fiber optic source, SCHOTT KL 2500
LED. This light source allows precise beam power control by adjusting
the output as a percentage of the maximum flux. The photocurrent onset
was observed at +0.2 V vs. SRE during the initial anodic sweep. The
steady-state photocurrent density reached approximately 4 pA.cm 2,
consistent with values reported in aqueous electrolytes under similar
illumination conditions and in the dark no anodic current is observed
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Fig. 1. Cyclic voltammetry of n-InP (10'° ¢cm~>) in NH3 Liq. at 20 mV/s/
(NH4Br, 3.1072 M, at — 55 °C). (a) Anodic scans (from 1 to 5) under reduced
light intensity (1 % ®o). (b) successive scans in the dark.

[22]. The photocurrent was directly proportional to light intensity,
confirming the photoactivity of the n-InP electrode. Successive cyclic
voltammograms were recorded by incrementally increasing the upper
potential limit by about 150 mV. With each scan, a progressive positive
shift in the onset potential for the photocurrent was noted. After mul-
tiple scans, the onset potential shifted from 0.2 V to 1.2 V vs. SRE. This
shift of one volt remained stable even when the potential was swept up
to +2.0 V vs. SRE under illumination. The photocurrent after the
passivation, is still proportional to the incident flux intensity, accord-
ingly to Gartner’s Law [23,24]. The gradual positive shift in the pho-
topotential indicates the formation of a passivating layer at the InP/NHs
interface. This passivation phenomenon is attributed to the formation of
a Polyphosphazene (PPP) film during the photoanodic treatment
[12-15]. In lightly doped n-InP (o™ cm_?’), this process occurs pri-
marily due to photogenerated holes, allowing precise control over the
passivation and the anodic charge involved (0.5 mC/cm?). According to
the hypothesis that the anodic charge results only from InP dissolution
through a six holes mechanism [25] an estimated thickness of the
anodically dissolved InP monolayer is 0.3 nm. X-ray photoelectron
spectroscopy (XPS) analyses confirmed the formation of the PPP film
[14,15]. The spectra showed new peaks corresponding to phosphor-
us-nitrogen (P—N) bonds, indicative of the PPP structure. All over the
surface, the constant attenuation of InP substrate signals observed in the
XPS spectra indicates that the Polyphosphazene (PPP) film formed is
homogeneous ultra-thin, yet significantly modifies the interface’s sur-
face chemistry and electronic properties. Moreover, the tiny amount of
charge used during the passivation process suggests that only a few
monolayers of InP were dissolved, confirming that the resulting PPP film
is, indeed, thin.

3.1. Mott-Schottky plot shift due to PPP

The formation of the PPP film has significant implications for the
electrochemical properties of the InP/NHs interface. Mott-Schottky plots
were acquired to analyze changes in the flat-band potential (Vg,) before
and after passivation. The flat-band potential is a critical parameter
indicating the potential at which the bands in the semiconductor are flat,
and there is no space charge region [4,21]. In the unpassivated undoped
n-InP, the Mott-Schottky plot exhibits a linear relationship, and Vg,
determined from the intercept is —0,7 V vs. SRE. The slope of the linear
portion is coherent with the expected doping level. The open-circuit
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potential (Vocp) was found to be approximately —0.2 V vs SRE (Fig. 2).
At this Vocp, the semiconductor is in a depletion regime because the flat-
band potential is more negative than the Vocp (Vocp > Vi) corre-
sponding to a positive band-bending (Vocp-Vs,) of +500 mV. Impor-
tantly, during this regime, the total capacitance is predominantly due to
the semiconductor’s capacitance, as the Helmholtz layer capacitance is
much larger [26] and, being in series, contributes negligibly to the
overall capacitance (Eq. 1).

.1 )
Ciot  Csc

After passivation, a significant positive shift in Vg, was observed
(from —0,7 V to +0,2 V vs. SRE), as shown in Fig. 2. The Vg, shifted to
more positive values, and the Vocp of the passivated electrode was
measured at approximately —0.10 V vs SRE. In this case, the semi-
conductor is in an accumulation regime at the Vocp because the flat-
band potential is now more positive than the Vocp (Vg, > Vocp) corre-
sponding to a negative band-bending of —300 mV. In the accumulation
regime, the surface is enriched by majority carriers (electrons).

The formation of the Polyphosphazene (PPP) film on the InP surface
has significantly changed the electrochemical properties of the InP/NHs
interface. The shift in the Vg, value indicates that a more positive po-
tential is required to achieve flat-band conditions in the passivated
electrode as a result of strong chemical and electrical modifications at
the passivated interface. On a passivated interface, from Vgcp to lower
potentials, the semiconductor is in an accumulation regime, therefore
electrons accumulate at the surface. The electrical charge becomes
negative at the semiconductor side. This new interfacial configuration is
consistent with the hypothesis that the PPP film is positively charged
and that this influences the band bending in the semiconductor. In fact,
it is possible to assume that the semiconductor changes its band-bending
configuration at the Vocp (from depletion to accumulation) to balance
the positive charges of the PPP film and, therefore enhancing a capaci-
tive behavior at InP/PPP interface. The positive charge can result from a
combination of two factors. The first one can imply the hyper-
polarizability of the P—N bond in the PPP film [27] which can act as a
dipole. The second aspect is the interaction of PPP film with NHj Liq.
acting as a strong polarizable solvent [9]. Understanding this shift from
depletion to accumulation is crucial because it fundamentally changes
the charge distribution and electric field at the semiconductor interface,
impacting the device’s photoelectrochemical behavior. Starting from an
accumulation regime, on a InP/PPP interface, it is necessary to polarize

0.0+ T T " T T
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Fig. 2. Mott-Schottky plots of n-InP in NH3 Liq. (NH4Br, 3.1072 M, at — 55 °C),
before (a) and after passivation (b) with PPP film.
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1 V more than on a pristine InP interface for reaching again a depletion
regime inside the semiconductor to allow photogenerated holes collec-
tion at the interface, as it is shown in the Fig. 1.

3.2. Capacitive-voltage measurements

Capacitance-voltage (C—V) measurements were performed to
investigate this charge distribution. Fig. 3 illustrates the C—V curves
before and after passivation. In the unpassivated state, the capacitance
varies with potential, reflecting the changes in the space charge region
of the semiconductor, the remarkable increase that can be seen around
—0,6 V vs. SRE is due to faradic charge from protons reduction. After
passivation, a substantial change in the C—V curve happens. A plateau
between —0.2 V and — 0.6 V vs. SRE is now present, where the capac-
itance remains constant over 400 mV despite changes in applied po-
tential. This behavior was found in all of the samples and tends to be
very reproducible, the mean value of the plateau is 1.107® + 0.2 x 107®
F cm~2 This capacitance represents the combined contribution of the
PPP film and the Helmholtz layer at the interface. However, we can
confidently exclude the Helmholtz layer as the primary contributor to
the measured capacitance for several reasons. Firstly, the Helmholtz
capacitance typically varies with potential and does not exhibit a con-
stant value over a wide potential range usually not extending beyond 50
mV [26]. In contrast, our observations show a consistent capacitance
over a much broader potential range, which is characteristic of a real
capacitor rather than the Helmholtz layer. Secondly, knowing that the
viscosity of NHjz Liq. is four times lower at —33 °C than water’s at 25 °C
[9], we can assume that the Helmholtz capacitance in NHjs Liq. is on the
order of 1 x 107°F cm2, which is significantly different from the
capacitance values observed in our measurements. This disparity in
magnitude further supports the conclusion that the Helmholtz layer’s
contribution is negligible compared to that of the PPP film.

Another typical capacitor behavior was observed during the study of
InP/PPP interface. The provided cyclic voltammogram (Fig. 4) illus-
trates the electrochemical response of the InP/PPP system under various
scan rates. In the potential range corresponding to the formation of the
PPP passivation layer, the interface demonstrates clear capacitive
behavior with charge and discharge behavior. This is particularly
evident from the proportionality between the current and the scan rate,
which is indicative of a charging and discharging current in a capacitor-
like interface. In the capacitive region, the relationship between the
current (I) and the scan rate (v) is given by the capacitive current Eq.

1x107
(b)
— 8x10° 4
£
(8]
o
o (@)
4x10°
0 T T T T T
05 0.0 05 1.0 15

Voltage ( V vs. SRE)

Fig. 3. Capacitance-voltage (C—V) curves of n-InP in NHs Liq. (NH4Br, 3.1072
M, at — 55 °C) before (a) and after (b) passivation with PPP film.
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Fig. 4. (a) Cyclic voltammogram of InP/PPP interface in NH3 Liq. (NH4Br, 3.1072 M, at — 55 °C), showing capacitive behavior proportional to the scan rate (0.5 V/s,
1V/s,2V/s, 5V/s, 10 V/s, 20 V/s). (b) Linear fit of the current density at — 0.4 V/SRE, as a function of the scan rate.

[26] (Eq. 2).

ic =vCy+ K}% — de) exp (R?(f‘) } (2)

When a capacitor is subject to a varying voltage over time, the cur-
rent can be divided into two main components, a transient current (itrans)
and a steady-state current (iperm). After these considerations, the total
current in a capacitor can be written as shown in Eq. 3.

”(t) = itmns (t) + lipenn (3)

In cyclic voltammetry, the capacitive current measured during the
experiment is predominantly in the steady-state regime. This occurs
because the timescale of the voltage scan ensures that the transient ef-
fects become negligible relative to the steady-state current. For time-
varying voltage (V) (e.g., scan rate), the current will directly follow
the variations in V(t). As shown in Fig. 4, this principle was applied in
InP/PPP interface, the linearity of the data points in the inset of Fig. 4
shows a high correlation (R% = 0.998), giving a value for the capacitance
of 1.9 107 F cm™2. This value is coherent with the one empirically
found with C—V curves (Fig. 3). It is therefore possible to assert that the
InP/PPP interface behaves like a capacitor, with the current directly
proportional to the scan rate. The slope of the linear regression line
obtained from the graph represents the system’s capacitance.

On passivated InP, for applied potentials (Vapp) between —0,2 V and
— 0,6 V vs. SRE (corresponding with the plateau in the C—V curves,
Fig. 3), the semiconductor is in an accumulation regime, (Vapp < V).
Importantly, in this regime, the semiconductor capacitance (Csc) is
neglectable [28]. Since the same range of potential was explored, the
Helmholtz layer capacitance is still negligible (Fig. 2). Therefore, total
capacitance is predominantly due to the PPP capacitance, as shown in
Eq. 4.

11
Cmt CPPP

4

The constant capacitance observed in the plateau region suggests
that the PPP film acts as a dielectric layer with a fixed capacitance. This
behavior is characteristic of a parallel-plate capacitor, where the
capacitance is shown in Eq. 5 [26].

Cppp = d %)

The ¢, represents the relative dielectric constant of the PPP film,
g9 the vacuum permittivity, A the area of the electrode, and d the
thickness of the PPP film.

3.3. Relative permittivity coefficient calculation

The calculation of the relative permittivity (e;) of the Poly-
phosphazene (PPP) film was conducted using the average plateau
capacitance value (C) obtained from the capacitance-voltage (C—V)
curves. The thickness (d) of the PPP film was estimated based on liter-
ature data by considering the cumulative bond lengths of the three main
chemical bonds in the PPP structure (“In-P", “P-N" and “N-H")
[27,29,30]. This spatial configuration of PPP has been recently
confirmed by coupling XPS and p-ARXPS techniques [34]. This
approach yielded an estimated film thickness of approximately 0.5 nm.
The area of the electrode (A) used in the measurements was known from
the sample preparation, being 0.1 cm? We assume that there was no
significant development of surface area due to the passivation, as the
film is nanometrically thin. Utilizing the vacuum permittivity constant
(0 = 8.854 x 10’12F/m), we calculated the relative permittivity (e,) of
the PPP film to be approximately 6.9. This value aligns well with typical
permittivity values for polymeric materials known for their good insu-
lating capabilities [31-33]. The presence of a relatively high permit-
tivity confirms that the PPP film acts as an effective dielectric layer,
capable of stabilizing the charge accumulated at the interface between
the film and the InP surface. This dielectric behavior is crucial for the
observed capacitive properties of the system. This understanding is
essential for accurately interpreting the electrochemical behavior of the
passivated InP electrode and for optimizing the design of efficient
photoanodes in photoelectrochemical applications.

4. Conclusion

The formation of a positively charged Polyphosphazene (PPP) film
on lightly doped n-InP in liquid ammonia significantly modifies the
electrochemical properties of the semiconductor/liquid interface. Before
passivation, the semiconductor was in depletion configuration at the
Vocp, however, once passivated, at the Vocp the semiconductor is in
accumulation regime. The PPP film introduces capacitive behavior due
to the interaction between its positive charges and the accumulated
electrons at the semiconductor surface. This behavior was demonstrated
through cyclic voltammetry at various scan rates, where the current was
shown to be directly proportional to the scan rate, confirming a capac-
itive charging mechanism. Capacitance-voltage measurements further
supported the formation of a stable capacitor-like structure, with a
constant capacitance indicative of a fixed dielectric layer formed by the
PPP film. The capacitive charging equation applies to this region, con-
firming the role of the PPP film as an effective dielectric. The
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capacitance obtained in this region was further used to calculate the
relative dielectric constant (g;) of the PPP layer, which was found to be
approximately 6.9. This value is consistent with that of polymeric ma-
terials with good insulating capabilities, confirming the effective role of
the PPP film as a dielectric layer. The PPP film effectively separates
charges across its thickness, storing energy in the electric field estab-
lished between the positively charged film and the semiconductor’s
negative charges. The insights gained here contribute to a deeper un-
derstanding of semiconductor passivation mechanisms in non-aqueous
environments and demonstrate the importance of capacitive effects in
modifying and enhancing the electrochemical response of semi-
conductor interfaces.
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