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OF “DEEP” p—n-JUNCTION

A capability to produce effective sensor structures on the basis of “deep’silicon junction has
been substantiated. If the incident light is strongly absorbed by this junction, the photocurrent
through it is shown to substantially depend on the recombination characteristics and the charge
state of the illuminated surface, provided that the junction parameters are optimal. The depth
of the illuminated region is demonstrated to exceed the diffusion length of minority charge
carriers. It is found that the larger diffusion length of minority charge carriers corresponds to
stronger changes of the photocurrent generated by the illuminated surface area. A possibility
to transform the junction from a photodetector into an effective chemical sensor is verified by
numerical calculations. The physical mechanisms relating the changes in the effective surface
recombination rate and the absorption of polar molecules are discussed. The sensor properties
of suggested silicon junctions are analyzed for a number of analytes. Their suitability for the

creation of selective chemical sensors (electronic noses) is demonstrated experimentally.
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1. Introduction

One of the main approaches to the creation of chem-
ical sensors on the basis of semiconductor structures
consists in that the influence produced by the ad-
sorption of analyte molecules on the charge state of
a working surface is used [1-3]. The physical mecha-
nisms that govern the desired signal generated by a
sensor depend on the type of semiconductor struc-
ture and the principle of implemented transforma-
tion [4, 5]. It should be noted that the desired signal
in the devices that are the most widespread nowa-
days is formed due to a variation of the conductivity
(impedance).
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A lot of various devices are based on the elec-
tric mechanism of energy transformation. For exam-
ple, in the structures on the basis of the metal-
semiconductor contact [6], the matter of considera-
tion is a modification of the metal work function ow-
ing to the analyte adsorption; in the structures on
the basis of oxide semiconductors [7], this is a thick-
ness variation of the space charge region; in the struc-
tures of the field—effect—transistor (FET) type, this is
a variation of the threshold voltage in the inversion
channel [8]; and so forth. The photo-electric principle
of transformation is mainly used in light-addressable
potentiometric sensors (LAPSs) [9]. The mechanism
of desired signal formation in those devices is based on
a variation of the thickness of the space charge layer
in the electrolyte-insulator-semiconductor structure,
which can be registered, when the specimen is illu-
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minated. For this purpose, additional measurements
of alternating signals associated with the process of
photo-induced barrier capacitance charging have to
be carried out in a wide interval of the dc bias volt-
age (from the accumulation regime to the regime of
surface region depletion in the semiconductor). Note
that each of the mentioned structures has a definite
scope of application, as well as specific properties
and shortcomings. Therefore, the development of new
types of sensor structures is a challenging task, in
which new mechanisms governing the transformation
of the analyte adsorption changes into the desired sig-
nal should be studied.

In our works [10, 11|, the attention was paid to
the fact that, under the analyte adsorption condi-
tions, the recombination parameters of a working sur-
face can change because of a variation of its charge
state. Unlike the concepts that use the dependence
of the conductance of a device on the adsorption, the
surface recombination process can also be sensitive to
this action. Since the physical mechanisms of this de-
pendence differ from those that other transducers are
based on, new devices will possess essentially distinct
properties. A question arises: How can one register a
variation of the surface recombination rate in such a
way that the requirements of rapid measurement, de-
vice compactness, and others, which are imposed onto
compact electronic sensors and their arrays, would be
satisfied.

Under certain conditions, the photocurrent magni-
tude substantially depends on the surface recombina-
tion rate. When photosensitive semiconductor struc-
tures are illuminated, the concentration and distribu-
tion of light-generated charge carriers, as well as the
photocurrent, depend on the light absorption and the
bulk and surface recombinations. As a structure that
“registers” the changes in the recombination processes
running near the working surface, the p—n-junction
can be applied. The usage of strongly absorbed light
and the arrangement of a junction interface deeply
enough from the illuminated surface enhance the in-
fluence of the surface recombination rate. Therefore,
the photocurrent can reflect, in a certain sense, chem-
ical and adsorption processes running at the interface
with the analyte.

In this work, we substantiate a capability to use
a deeply located silicon p—n-junction for the cre-
ation of chemical sensors, in which the photoelectric
transformation mechanism is engaged. The model of
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Fig. 1. Calculated dependences of the internal quantum effi-
ciency on the wavelength for deep (d = 100 pum) and shallow
(d = 1 pm, the inset) junctions and s = 10% (1), 5 x 103 (2),
105 (8), and 10 cm/s (4). The hole diffusion length equals
90 pm in all cases

such a sensor structure assumes that there is a re-
lationship between the recombination characteristics
of a working surface and the adsorption of analyte
molecules. The aim of this work was to determine the
junction parameters, which would allow the obtained
variations of the desired signal (namely, the changes
of the photocurrent through the junction) owing to
the adsorption of polar molecules to be maximum,
and to experimentally study the sensor properties of
the structures concerned.

2. Model of a Sensor Structure
Based on the Silicon p—n-Junction

Let us consider the features of the photocurrent for-
mation in silicon junctions located at various depths
d in the case where they are illuminated with strongly
absorbed light. For definiteness, we will consider the
case where light illuminates the surface of the junc-
tion n-region. The recombination current toward the
illuminated surface is assumed to be defined as the
product of the surface recombination rate s and the
excess hole concentration. The calculated spectral de-
pendences of the internal quantum efficiency of the
p-n junction for various values of parameter s (the
injection level is supposed to be low) are depicted in
Fig. 1. The exhibited dependences were obtained with
the use of the software PC-1D. The latter, by numer-
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Fig. 2. Schematic diagram of a sensor structure on the basis
of a deep p—n junction

ically solving the drift-diffusion equations, allows the
photoelectric characteristics of various semiconduc-
tor structures to be analyzed. One can see that the
variation magnitudes of spectral characteristics of the
photocurrent in the short-wave spectral region that
occur owing to a variation of the parameter s are sub-
stantially different for the “deep” (d = 100 pm) and
“shallow” (d = 1 pm) junctions. Note that the hole
diffusion length equals 90 pym in both cases, and the
other parameters of the structures are also identical.

As follows from the analysis of the curves shown in
Fig. 1, the relative variations of the photocurrent are
more substantial for the “deep” junction. This effect
manifests itself in the wavelength interval, where sil-
icon strongly absorbs light. Here, the absorption co-
efficient a(\) = 105+10% cm™!, and the light pene-
tration depth equals 0.1-10 pum. The parameters of
the base p-region practically do not affect the forma-
tion of the junction photocurrent, because the main
photo-induced generation takes place in the upper
layer. For instance, the ratio i(s; = 10% cm/s)/i(s2 =
= 105 cm/s) equals about 10 for the wavelength
A = 500 nm and 16 for A = 400 nm. The obtained
result can be explained by the fact that, in the case of
“deep” junction, the region of light absorption and the
region with a strong electric field are spatially sepa-
rated from each other, and the majority of charge car-
riers are generated near the illuminated surface. The
photocurrent collected by the p—n-junction is known
to be proportional to the concentration gradient of
nonequilibrium holes in the plane that corresponds
to the boundary between the quasineutral and space
charge regions, with the concentration of holes in

320

this plane being close to zero owing to the action of
the electric field generated by the space charge re-
gion. The stationary distribution of photo-generated
holes is formed by two oppositely directed diffusion
fluxes: toward the illuminated surface and toward the
space charge region. It is the parameter of surface re-
combination rate that determines peculiarities in the
concentration distribution of photo-generated holes
in this situation. Therefore, the photocurrent magni-
tude also depends substantially on the surface recom-
bination properties in the case of “deep” junction.

In Fig. 2, a schematic diagram of a sensor struc-
ture created on the basis of a deep p—n-junction is
shown. As was mentioned in Introduction, the signal
of this sensor is a photocurrent, which depends on
the concentration of analyte molecules by means of
the variation of surface recombination parameters. It
was experimentally demonstrated that the variations
of the surface recombination rate due to the adsorp-
tion of polar molecules on a germanium surface can
reach 1 to 2 orders of magnitude [12, 13]. There-
fore, our further consideration will concern the indi-
cated interval of surface recombination rate changes
s1 — S2 (the initial value of s; can be adopted to
equal 102 — 103 cm/s). The proposed sensor structure
should provide the maximum variation of the pho-
tocurrent due to the variation of the surface recombi-
nation rate. Therefore, we should determine the opti-
mum parameters of a p-n-junction (depth d, hole dif-
fusion length, doping profile) and the optimal illumi-
nation conditions (wavelength). For the sake of con-
venience, it is expedient to estimate the relative vari-
ation of the photocurrent before and after the adsorp-
tion of analyte molecules, i.e. the ratio i(s1)/i(s2).

Let us calculate the photocurrent ratio as a func-
tion of the junction depth: i(s1)/i(s2) = f(d). In the
case of uniform impurity distribution over the illu-
minated region, the photocurrent can be determined
on the basis of exact solutions of the drift-diffusion
equations. The expression for the photocurrent that
arises in the junction n-region is written in the form

(5) ~ eFal »
ns T a2 -1

((Spl) +al—ep(—ad) [(p) b () +sh(F)]
() sh (7) +ch(7)

—al exp(—a d)>7 (1)
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where D is the hole diffusion coefficient, and F' the
spectral flux density of light quanta. If the absorp-
tion is strong, i.e. at a(A)l > 1 and a(N\)d > 1,
the photocurrent magnitude is governed only by the
absorption in the near-surface layer. Therefore, from
formula (1), we obtain in this case that

5 = L+ 250
_s%sh(%) —l—ch(%)'

As a result, the photocurrent ratio is described by the
expression

i(s1)

(2)

oY)

(o2) 3 Boh () +eh ()

In Fig. 3, the dependences of the i(s1)/i(s2) ra-
tio on the junction depth are plotted for the case
of surface recombination rates s; = 103 cm/s and
sy = 10° cm/s. The curve parameters are the wave-
length (A = 620, 500, and 400 nm) and the hole dif-
fusion length (I = 150, 90, and 50 pm).

From the results obtained, it follows that, from the
viewpoint of sensor application, the optimal thick-
ness of the n-region is determined by the diffusion
length: at a fixed wavelength, a larger diffusion length
corresponds to a larger photocurrent ratio. In the
case where the n-region thickness exceeds the diffu-
sion length, the dependences i(s1)/i(s2) = f(d) satu-
rate. At the same time, the increase of the absorption
coefficient a(\) at shorter wavelengths enhances the
localization of photo-induced charge carriers near the
illuminated surface, which results in the growth of the
desired signal generated by the sensor structure.

Let us analyze the cases of uniform and non-
uniform dopings in the illuminated region. For a non-
uniform doping profile, the calculation of photocur-
rents is more complicated, because the coordinate de-
pendences of the diffusion coefficient and the mobility
of minority charge carriers have to be taken into con-
sideration. Figure 4 illustrates the dependences of
the i(s1)/i(s2) ratio on the junction depth d, which
were obtained with the help of a numerical simula-
tion. Curves 1, 2, & and 5, 6, 7 in this figure corre-
spond to a uniform doping profile (the diffusion length
was determined with the help of the PC-1D code and
amounted to 100, 75, and 40 pm, respectively), and
curves 4 and 8 to a non-uniform one. In all variants,
the increase of the junction depth gives rise to a grad-
ual growth of the photocurrent ratio followed by the

52% sh (%) + ch (%) @)

ISSN 2071-0186. Ukr. J. Phys. 2017. Vol. 62, No. 4

30 -

i(s1)fi(s2)

0 T T T T T
5 55 105 155 205 255
d,um

Fig. 3. Photocurrent ratio i(s1)/i(s2) as a function of the
junction depth d for the wavelengths A = 620 (1, 4, 7), 520 (2,
5, 8), and 400 nm (8, 6, 9). The diffusion length equals 150
(1, 2, 3), 90 (4, 5, 6), and 50 um (7, 8, 9); s1 = 103 cm/s
and s2 = 10% cm/s
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Fig. 4. Photocurrent ratio i(s1)/i(s2) for the wavelength A\ =
= 620 nm and for various doping levels of the n-region: 106
(1, 5), 1017 (2, 6), and 108 cm~3; curves 4 and 8 correspond
to the exponential profile with a maximum value of 108 cm™!
near the illuminated surface. s; = 103 cm/s, sp = 104 cm/s

(1, 2, 8, 4); s1 = 102 cm/s, s = 103 cm/s (5, 6, 7, 8)
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saturation. The maximum value of the i(s1)/i(s2) ra-
tio can be obtained in the case of the lowest uniform
doping (curves I and &), which corresponds to the
largest hole diffusion length.

In the case of non-uniform exponential-like distri-
bution profiles (curves 4 and 8), the value of ratio
i(s1)/i(s2) grows more slowly owing to the existence
of a built-in electric field, which “pushes” the minor-
ity charge carriers away from the surface and reduces
the influence of recombination processes. In particu-
lar, provided identical impurity concentrations, the
values of i(s1)/i(s2) ratio that are close to the values
obtained in the case of uniform impurity distribution
(curves & and 7) can be reached only if the thick-
ness of the illuminated region is considerable (200
250 pm). The application of junctions with the in-
dicated depth for sensor structures is not optimal,
because the photocurrent magnitude substantially di-
minishes, and the photocurrent registration becomes
a more complicated task.

Note that the junction depth for silicon photo-
transducers is selected to provide a more complete
application of the short-wave interval in the sunlight
spectrum and to optimize the series resistance of the
emitter layer. Typical values of this parameter for so-
lar cells are known to equal 0.3-0.5 pm. In this case,
the non-uniform doping allows the influence of surface
recombination to be reduced.

From the consideration above, it follows that, in
order to obtain a maximum variation of the pho-
tocurrent owing to a change of the surface recom-
bination rate in the sensor structure, a deep junc-
tion with a large diffusion length and a uniform pro-
file of the doping impurity in the illuminated re-
gion of the wafer should be chosen. The optimum
depth of a p—n-junction is close to the diffusion
length. Those speculations testify in favor of a prin-
cipal possibility to change the scope of silicon junc-
tion applications from a photo transducer to a sensor
structure.

Let us consider the mechanisms that relate the
adsorption processes with the variations of the sur-
face recombination rate on the working surface of
a silicon sensor structure. The adsorption of polar
molecules is known to result in the appearance and
fixation of specific electric dipoles on the surface
[12, 13]. Accordingly, the local action of an electric
field in the near-surface region can induce changes in
the energy position of recombination levels, their con-
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centration, capture cross-sections, and near-surface
band bending. The capture or injection of electrons
from the semiconductor bulk in the case of chemisorp-
tion can be an additional factor contributing to the
band bending.

Model ideas about the relationship between the
surface recombination and the band bending were
developed in the Stevenson—Keyes theory and its
complicated variants. The latter consider the cases
of multivalent recombination centers, centers with a
continuous energy distribution in the forbidden gap, a
high injection level, and others [15-17]. In the frame-
work of such theories, the effective surface recombi-
nation rate is usually considered as equal to that in
a plane corresponding to the interface between the
surface space charge region and the quasineutral re-
gion. The dependence of the surface recombination
rate on the band bending, s(Y's), has a pronounced
maximum in the case where the near-surface concen-
tration values are close to one another. It also has
intervals of a drastic recession for band bendings cor-
responding to the accumulation or depletion regimes
[18]. The main criterion for the concept of effective
surface recombination rate to be applied correctly is
the approximation of equilibrium between the sur-
face and the quasineutral bulk of a semiconductor
or the so-called approximation of “gradientless Fermi
quasilevels” (in practice, this means that the diffusion
length should considerably exceed the dimensions of
the near-surface space charge region). This condition
is satisfied for silicon in a wide range of parameters
[15, 16].

To summarize, the following main cases can be dis-
tinguished.

(i) Due to the adsorption, the initial band bend-
ing changes, which invokes a transition into the
accumulation or depletion regime. The effective re-
combination decreases at that owing to the defi-
ciency of charge carriers with the corresponding
sign. Conversely, the change of the initial band bend-
ing stimulates a transition from the accumulation
or depletion regime to the regime with close near-
surface concentrations of charge carriers. The effec-
tive recombination increases at that.

(ii) Due to the adsorption, the concentration of re-
combination centers changes, which affects the recom-
bination rate at the maximum of the s(Y's) curve.

(iii) Due to the adsorption, the capture cross-
sections of recombination centers change, and the cor-
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responding shift of the maximum takes place with re-
spect to the previous Y's values.

Evidently, either a combined or selective realization
of those effects is possible for the surface of a real
sensor structure.

3. Sensitivity of Sensor Structures
on the Basis of “Deep” Silicon p—n-Junction.
Results of Experimental Research

Figure 5 demonstrates the surface (2D) distributions
of the photocurrent generated by deep p—n-junctions
that are in contact with a number of polar media. The
value of 2D-distribution function at every surface
point was calculated as the ratio between the pho-
tocurrent magnitudes obtained, when the structure
contacts with a definite medium and with air (free
surface). This approach makes it possible to compare
the changes of a sensor signal with regard for the
inhomogeneous distribution of band bendings near
the surface. The illuminated surface was not metal-
lized. Some part of its area was covered with thin (up
to 100 nm) SiN, film stripes in order to study the
selectivity of the sensor response under conditions of
the artificially created inhomogeneity (see the inset in
Fig. 5) [19,20]. As a result, the analyte was in contact
with both the silicon surface and SiN, stripes. The
structure surface was illuminated with light with the
wavelength A\ = 532 nm. For this purpose, a semicon-
ductor laser equipped with a system of acoustoelectric
positioning was applied [21].

In our case, we used single-crystalline silicon wafers
intended for the manufacture of industrial solar
cells. Unlike the solar cell, the sensor structure has
to be illuminated from the base side (the doping of
the base region was moderate, which gave a specific
resistance of about 1 Q - cm). The junction depth was
250 pm, the diffusion length of minority charge carri-
ers was equal to about 200 pum, and the doping profile
was uniform. According to the theoretical considera-
tion, the photocurrent substantially depends on the
effective recombination rate in the researched struc-
tures. On the other hand, the changes of the surface
recombination parameters (band bending, spectrum
of electron states, capture cross-sections, and oth-
ers) affect the photocurrent inasmuch as they govern
the variations of the surface recombination rate. The
non-uniform character of the distribution functions in
Fig. 5 is evidently associated with the inhomogeneous
distribution of defects over the wafer surface.
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Fig. 5. 2D distribution functions for the photocurrent of deep
p—n junctions, when the surface is in contact with various polar
media: ethanol (a), isopropyl alcohol (b), and water (c). The
image of the surface of a deep p—n junction covered with stripes
of thin SiN, films are shown in the inset

The analysis of experimental data testifies that, for
each of three polar media, the photocurrent changes
differently in comparison with the case of free-surface
illumination. Such variations of the photocurrent can
evidently be explained only by changes of the recom-
bination characteristics of the illuminated surface due
to the adsorption (obviously, the bulk junction pa-
rameters are not changed). We may assume that the
contact with each of three examined media results
in different near-surface band bendings Y's in com-
parison with that for the surface free from the an-
alyte. Therefore, the relationship between the pho-
tocurrent changes and the analyte adsorption on the
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working surface has to be considered on the basis
of variations in the effective surface recombination
rate s.

Note that a certain growth of the sensor signal is
observed for the surface areas covered with the SiN,
film. A detailed analysis of this effect can be a matter
of further researches. Now, we can only assume that
if the concentration of surface states at the silicon
surface is high, a specific “fixation” of the Fermi level
near the surface takes place, so that the adsorption
does not result in substantial modifications of the ini-
tial band bending. The SiN, film partially passivates
those surface states at the silicon surface, which pro-
vides the growth of the sensitivity. The influence of
the microrelief of the SiN, film surface can be an-
other probable origin of this effect.

As follows from the experimental results, the char-
acter of the surface distribution of the sensor signal
is different for each of the researched media. As was
already mentioned above, those photocurrent distri-
butions were calculated by dividing the distribution
data obtained in the presence of a definite medium
by the corresponding data obtained in the air atmo-
sphere. The fact that the presented distributions are
different testifies to the selectivity of sensor structures
and allows us to assume those structures to be suit-
able for the creation of complicated sensor systems
of the type of electronic nose or electronic tongue
[19]. Note that the examined structures demonstrate
a good reproducibility of results in a cycle of five mea-
surements with the use of test media.

As was already mentioned, the photoelectric mech-
anism of energy transformation is used in light-
addressable potentiometric sensors. However, its ap-
plication in the proposed structures has some specific
features and advantages. First, the structure con-
cerned allows the sensor signal to be measured even
if no external voltage is applied (or at such volt-
ages when a near-surface accumulation region ap-
pears and directly in gas media). Second, there is
no necessity of using the rear illumination for both
main and reference electrodes. Information obtained
with the help of the proposed sensor structure is
based on basically different physical mechanisms in
comparison with the known sensor structures (FETs,
LAPSs). This circumstance enhances the capability
to distinguish media, when the sensor is used in an
electronic nose system. Furthermore, in due course,
the proposed sensor structure may also find its spe-
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cific domains of application. Note that the adsorp-
tion efficiency of the proposed sensor structure can
be improved by covering the junction surface with
thin layers possessing a developed surface (for in-
stance, layers of porous silicon or other nanocrys-
talline substances).

4. Conclusions

A capability to use deep silicon p—n-junctions for the
creation of effective sensor structures has been an-
alyzed. On the basis of numerical calculations, it is
demonstrated that if a deep silicon junction is illu-
minated with light belonging to the spectral inter-
val of strong absorption, its photocurrent substan-
tially depends on the recombination characteristics
and the charge state of the surface, provided that
the junction parameters are optimal. Larger diffusion
lengths in the illuminated region are found to cor-
respond to larger photocurrent changes at the ad-
sorption on the working surface. The optimum junc-
tion depth in the sensor structure should be close to
the diffusion length or exceed it. It is also expedient
to choose a uniform doping profile. Physical mecha-
nisms that can relate variations in the effective recom-
bination rate with the adsorption processes of polar
molecules are proposed. The photocurrent changes in
the examined sensor structures are shown to be driven
by a modification of recombination characteristics of
the structure surface arising owing to the contact of
the surface with various analytes. The suitability of
the considered sensor structure for the creation of
chemical sensors with the selectivity function is de-
monstrated.
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OISNYHI BJIACTUBOCTI KPEMHIEBUX
CEHCOPHUX CTPYKTVYP 3 ®OTOEJIEKTPMTYHUM
IIPMHIMIIOM ITEPETBOPEHHSA HA OCHOBI
“TJINBOKOI'O” p—n-IIEPEXOY

Peszowme

B poGoTi 0o6GrpyHTOBAHO MOXKJIMBICTH BUKOPHUCTAHHSI KPEMHi-
€BOr0 Iepexoiay /i epPEeKTUBHUX CEHCOPHUX CTPyKTyp. [lo-
Ka3aHo, III0 B yMOBaX OIPOMIHEHHsI CBITJIOM 3 OOJIACTI CHJIb-
HOrO TOIVIMHAHHS (POTOCTPYM CYTTEBO 3aJIEXKUTBH BiJl PEKOM-
OiHAIIMHUX XapaKTEPHUCTUK Ta 3apsiJOBOIO CTAaHy IOBEPXHI Yy
BUIIAJKYy ONTHUMAJILHUX [TapaMeTpiB rnepexoxay. BusHadueHo, 1o
TOBIIMHA OCBITIIIOBAHOI 06JIACTI [IJIst TAKOI CTPYKTYPH ITIOBHHHA
[ePEBUIILYBATU JOBXKUHY Jaudy3il HEOCHOBHUX HOCIIB 3apsiy.
Busnayeno takoxk, 1o Ouibiniit mosxkuHi audysil Bigmosiza-
0Th Ok 3MiHK OTOCTPYMY IpH aicopbiil Ha pobodiil 1o-
BEpXHi. 3 BUKOPHMCTAHHSIM YMCJIOBOTO MOJIEJIOBAHHSI IIPOAaHA~
JII30BAHO MOXKJIMBICTH 3MiHM 00JIACTi 3aCTOCYBAHHSI IIEPEXOIY
Big doromeperBopoBada 1O CEHCOPHOI CTPYKTYPH IPH IT€BHO-
My BHOOpI #oro mapamerpis. Ob6rosopeno dizuwni Mexanizmu,
SIKi MOXKYTb OB’ I3yBaTH 3MiHU €(PEKTUBHOI IIBUIKOCTI i3 IIPO-
mecaMu afcopOIil nmossipHuxX MoJieKysl. CeHCOpHi BJIacCTHBOCTI
3alPOIIOHOBAHUX CTPYKTYD JOC/IIKEHO JJIsI TeKiTbKOX aHaJIi-
TiB. EKClIeprMeHTaIbHO IPOIEMOHCTPOBAHO IPUIATHICTD TAKOT
CTPYKTYPH JJIsi CTBOPEHHS XiMiYHMX CEHCOPIB, sIKi MaOTh pyH-
KIIIIO CEJIEKTUBHOCTI Ta HiITPUMYIOTH KOHIIEHIIIIO €JIEKTPOHHO-
ro HOCY.
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