Surface States for Photoelectrodes of Gallium Phosphide (GaP)
with Surface-Specific Electronic Spectra and Phase Measurements

Tong Zhang'??, Yugin Qian’, Hong Gao'?*, Zhi-Chao Huang-Fu’, Jesse B. Brown®, and Yi Rao**

'Beijing National Laboratory for Molecular Sciences and State Key Laboratory of Molecular Reaction
Dynamics, Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China

University of Chinese Academy of Sciences, Beijing 100049, China

*Department of Chemistry and Biochemistry, Utah State University, Logan, UT, 84322

Abstract Gallium phosphide (GaP) photoelectrodes have received tremendous attention owing to their
applications in photocatalysis and the photoelectrocatalytic reduction of COz. Surface electronic states of
GaP are important in such catalysis applications. However, knowledge of surface states of GaP under
ambient conditions is lacking. Here we combined azimuth-dependent electronic sum frequency generation
(ESFQ) spectroscopy with phase measurements to investigate the surface states for n-type and p-type
GaP(100) semiconductors. ESFG spectroscopic studies enabled us to identify three surface states of the
GaP crystals under ambient conditions. These experiments have also shown that all the spectral features
come from surface contributions for both the n-type and p-type GaP(100) crystals, and that both surface
dipoles and surface charges were responsible for the electronic transitions of isotropic and anisotropic
components. Combined with azimuth-dependent phase measurements, surface charges were found to
account for the isotropic surface ESFG components: negative for the n-type, and positive for the p-type
GaP(100). Finally, we conducted a thorough theoretical analysis of surface and bulk contributions for
azimuth-dependent ESFG responses. With these spectral and phase signatures, we have further quantified
surface and bulk contributions along different orientations for the n-type and p-type GaP(100) crystals.
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Introduction

Photocatalytic and photoelectrocatalytic reduction of COz into valuable products has attracted more and
more attention in recent years, promoting the reduction in fossil fuel use and possibly mitigating the
greenhouse effect. In photocatalysis of CO2, light is absorbed in the bandgap of photocatalysts to promote
the CO> reaction at the surface. ? For photoelectrocatalysis, higher CO2 conversion rates are obtained by
combining the photocatalytic and electrocatalytic CO2 reduction processes."* In both photocatalysis and
photoelectrocatalysis, semiconductors often act as photocathodes for the reduction of CO2 .*'* Of these, p-
type GaP has attracted tremendous attention due to its low-cost and high efficiency.'” ! As a
photoelectrode material, amorphous GaP is easily deposited under low temperatures as well as on varied
substrates of plastic, glass and metal. In addition, GaP is one of a few materials which have both large solar

light absorption and ideal band-edge positions for water splitting.**? These attributes arise from GaP

V20, 23,24 1.22

having a band gap of 2.26 ¢ and band edges which are above the hydrogen reduction potentia
Recently, GaP photoelectrode materials have been applied in photocatalytic and photoelectrocatalytic CO2
reduction.'"* #*> 2% In the process of CO: reduction, GaP surfaces are always modified by other materials to
make them photochemically more stable and improve the electronic conductivity, %’ but the question
remains: what mechanisms are behind this improved performance? Theoretically, the mechanisms for the
reaction on GaP photoelectrodes have been documented.” ** For example, Carter and co-workers
discovered two pathways for photoelectrochemical CO: reduction on Ga-rich GaP(001) surface by using
atomic-scale models based on density functional theory.”® One such modeled mechanism is through a
proton-coupled electron transfer pathway and the other by a hydride transfer pathway. While GaP surface

structures, particularly surface states, influence the performance of photoelectrocatalytic CO2 reduction

processes, the surface roles of GaP in catalytic applications are experimentally unclear.

In previous studies, many surface non-specific tools such as Raman scattering”, infrared and Raman
spectroscopies,”  cross-sectional transmission  electron  microscopy,”’  ultraviolet photoelectron
spectroscopy,’? minority-carrier capture,”> time-resolved microwave conductivity,”® photoemission
spectroscopy,” and pump-probe spectroscopy>® were utilized to study GaP surfaces. To some extent, these
methods could provide some information of GaP surfaces. Nonetheless, much critical surface information
may have been lost with such non-surface sensitive tools. In particular, surface states and their dynamics
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for semiconductors are lacking. Surface photovoltage spectroscopy”’™ is often used to provide spectral

information regarding subgap transitions of semiconductors in the space charge region (SCR). However,
these SCR measurements are at most related to surface regions with tens of nanometers. Ultraviolet
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photoelectron spectroscopy,’ inverse photoemission,* and two-photon photoemission** were also used

to investigate the surface states, but they must be performed under high vacuum.



In a free GaP surface, surface reconstructions and reactions with doping in the atmosphere produce
electronic states, which lead to different energy positions from the other energy positions in the band
structure, so called surface states.*® *’ Surface states are located inside the bandgap of the semiconductor
and serve as localized free carrier traps. Depending on trapped charges, surface states are divided into two
types: the positively charged donor-type and the negatively-charged acceptor-type.**>" In the case of n-type
GaP surfaces, the energy levels of acceptor-type surface states are located below its surface Fermi level,
leading to the capture of electrons due to the flat-band condition.** *” On the other hand, the n-type GaP
bulk must balance the surface negative charges via the conservation of the charge neutrality condition,
resulting in an upward band bending for ionized donors in the depletion layer. For p-type GaP surfaces, the
charge transfer between donor-type surface states and shallow acceptors leads to a downward band bending
for the ionized acceptors. Since photoelectrochemical reactions of GaP photoelectrodes in solution occur

under ambient conditions,'® ' 142225

understanding these surfaces under such conditions is critical to their
photocatalytic application.

Second-order nonlinear optical spectroscopic techniques, such as sum frequency generation (SFG) and
second harmonic generation (SHG), have been widely used to investigate surfaces and interfaces due to
their intrinsic surface specificity.’'*” The advantage of SFG and SHG over other surface-sensitive methods
is that they can be performed under any conditions for buried interfaces. As a surface/interface-specific tool,
SFG can provide both electronic and vibrational properties, so called ESFG,*"® and VSFG** 3764 6. 67.73.79-
% separately. Previous SHG intensity experiments extracted surface symmetries of semiconductors with
azimuth-dependent measurements and displayed that the surface contribution was small in the
semiconductor surfaces.”*'"! Electric field induced SHG methods have also been used to investigate

semiconductor surfaces.”* '*>'% Vibrational SFG was recently used to study surface symmetry and

contributions of GaAs(001) without spectral information.'*”

Early SHG experiments utilized tunable lasers to acquire surface electronic spectra with point-by-point
measurements, namely tunable SHG experiments.'®!% Other tunable SHG studies of semiconductors
demonstrated excitonic transitions and resonant surface bands.'""''"" These methods were hardly
transferrable and were too inefficient for photoelectrochemical applications of GaP surfaces. However,
current ESFG experiments have witnessed significant technological advances in broadband laser sources,
greatly extending its breadth of application.”” 7>7* 7 In this work, we combined broadband ESFG spectra
and phase measurement with azimuth-dependent experiments to study surface states and structural
properties of both n-type and p-type GaP(100). Our goal was to identify the electronic transitions of the

GaP surfaces and to uncover the nature of these transitions.



Theoretical Considerations

Before introducing the theory of ESFG, we shall begin with the symmetry of GaP(100). GaP(100)
exhibits a zinc blende structure 43m (T}), as depicted in Fig. 1(A). In the bulk, GaP possesses no
birefringence and thereby orientation does not change light propagation. The top view of the GaP(100)
surface is shown in the inset of Fig. 1(A). A bulk crystal coordinate system (a, b, c) is defined for the
symmetry of GaP(100) bulk in Fig. 1(B), where the a, b, and ¢ axes correspond to the principal axes of the
crystal, [100], [010], and [001], respectively. The laboratory coordinate system (X, Y, Z) is also defined in
Fig. 1(B). Due to different symmetry of the surface, there are two mirror planes which are perpendicular to
the surface (100) and lie along the [011] and [011] axes. To understand the surface symmetry of the
GaP(100), a surface coordinate system (&, 7, €) is defined in Fig. 1(B), where &, and € represent the [011],
[011], and [100] axes, respectively. Thus, both the a axis in the bulk coordinate and the ¢ axis in the surface
coordinates are perpendicular to the (100) surface, and lie along the Z axis in the laboratory coordinates.
We define ¢ as an azimuthal rotational angle, corresponding to the angle of the [011] symmetry axis away
from the X axis as displayed in Fig. 1(C). ¢ is defined to be 0° when the [011] direction is along the X axis,
and 90° when the [011] is along the Y axis. The rotation of the azimuthal angle is counterclockwise. Since
the angle between the b & c axes and the [011] axis is 45°, the b and ¢ principal axes are along the ¢ -45°
and ¢ + 45°, respectively.

ESFG is a second-order non-linear optical process, in which two different photons of frequencies, w-

& wy, and their momenta, k1 & k2, interact with matters to produce a new photon of a frequency wg with
momentum k3. Unlike VSFG, neither of the two frequencies is resonant with vibrations of chemical groups.
The two beams propagate in the XZ plane in the laboratory coordinates system, constructing an incident
plane where the Z axis is the surface normal (see Fig. 1(B)). In our case, a SWIR light (w" = wgg’() and a
visible light (w4 = wy+, ) are incident on the GaP(100) surface, producing an ESFG signal light (wg = w o,-
) with both the energy and momentum conservations. a- and ay are incident angles with respect to the
surface normal for the SWIR and visible beams. ag is the reflection angle for the ESFG beam with respect
to the surface normal. y, (i = 1,2,3) is the refraction angle with respect to the surface normal for the ESFG,
visible, and SWIR beams, respectively. S and P polarizations are defined to be perpendicular to or parallel to

the incident plane, respectively.

The intensity of ESFG is intimately related to macroscopic effective surface susceptibility Xo(f i, which

is given by''> 1

_ 456, (+789)) OPrSEToN
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where w-, wy, and wg represent the frequencies of a SWIR pulse, a visible pulse, and an ESFG signal,
respectively, and no(wy) is the refractive index of the medium (air (n-), bulk (ny) and surface (n7),) at a

frequency w, (i =1, 2, 3). 115,116

xS = le(ws) - Lws)] - X§i1sen ¢ [e(@) - L(wn)] - [e(wy) - L(wy)] )

where e(w,) is the unit electric field vector for the light beam at frequency w, at the surface, L(w/) is the
Fresnel transmission tensor at frequency w, as formulated in Supporting Information, and Xo(ﬂ,?@ A 1s the

susceptibility in the laboratory coordinates system (X, Y, Z).

As a second-order process, ESFG is only sensitive to non-centrosymmetric structures. In bulk with a
center of symmetry, ESFG is forbidden. Within the electric dipole approximation, ESFG is inherently
surface specific and becomes a useful tool for surface analysis. However, in materials with non-
centrosymmetric structures such as GaP, bulk contributions cannot be ignored due to the asymmetry in the
bond between Ga and adjacent P atoms. In addition to dipole-allowed responses, quadrupole contributions
from surface and bulk exist. For n-type and p-type doping GaP(100), surface charge induced ESFG
responses are also included. As such, the effective susceptibility is the sum of both bulk and surface

susceptibilities.'”

(#) (#) (#) (#) (# # 3
X011 = ¥BC + ¥YBD + Y%C + Yub + Y%E 3)

where )(g?, )(E%) )(O(AJ#C) , )@% ,and )( /OE are macroscopic susceptibilities for bulk dipoles, bulk quadrupoles,

surface dipoles, surface quadrupoles, and surface charges, respectively. The derivations for )( ) and )(og))

are found in Supporting Information. We shall discuss )(éc), )(02?, and )(53? as follows.

1. Bulk dipole susceptibilities, )(]gc)

The macroscopic susceptibility tensors of bulk dipoles, )(Sé) , are related to the microscopic
hyperpolarizabilities, ,8 FG ) of the crystal. There are six non-zero elements of the total of 27 second-order
nonlinear bulk crystal hyperpolarizability tensors 8 /(F? for 43m (Ty) symmetry, namely, 8 I(}# :) = 1(:#;) =

,8(#) i (#) = B.1) W= p ](f),“ﬁ’ 18119 where a, b, and c refer to the principal axes of the crystal. In the



laboratory coordinates (X, Y, Z), the macroscopic susceptibility tensors for bulk dipoles, )(é#é), are related to

bulk hyperpolarizabilities, 8 /(F? , in the crystal coordinates (a, b, c) by'?’

# #
XI(BC??@AKL,M,N = R?/R@FRAGIBEF)GKI,],: 4)
where Ry;, Rar, and Rpg denote a matrix element in the Euler transformation from the laboratory

coordinates (X, Y, Z) to the crystal coordinates (a, b, ¢) as described in Supporting Information. For a cubic

crystal of GaP, six susceptibilities are nonvanishing, including )(é?LLN, )(é#é)’LNL, )(é?NLL, Xé%?MMN,

XS and a1 12! The bulk dipole susceptibilities take the form of '*°

€] _ . _.® RG]
XBCLLN = XBCLNL = XBCNLL = Brj; X €0S2¢
(€] ) ) —_ p@®
XBCMMN = ABCMNM = XBCNMM — ﬁl]: X (—cos2¢).

)

Experimentally, ESFG measurements of surfaces and interfaces are usually implemented in a reflection
geometry at certain incident angles. As such, not all of the laboratory susceptibilities are directly measured
by polarized experiments. A usual way is to introduce wavevector propagating coordinates (K, S, P), where
K denotes the direction of wavevectors of light beams. Four commonly used independent wave-propagating
susceptibilities are typically employed in SFG experiments: )(Sé’)%%o, )(](3?:’)%0%, )(](;80%%, and )(g#c)looo. These
are related to those from the laboratory susceptibilities by incident angles and Fresnel factors, and are

expressed as'!'" 122

# : #
Xf(;c,)%%o = Lym (wg)Lmm (w-) Ly (w4) sin ay Xéc)'MMN?kp

1
# . #
Xlgc,)%o% = Lvm (wg)Lyn (@) Lum (wy) sin a- Xlgc%MNMm

# . #
X}gc,)O%% = Lyn(wg) Lym (@) Ly (wy) sin ag Xl(gC)'MMNm

# . #
X](gc)’ooo = (=L (wg) Ly, (w)Lyy(ws) cos ag cos a- sin ay )(B(C?LLN

. #
—Li (wg)Lyn(w) Ly, (wy) cos ag sin a- cos ay )(B(C_)LNL

(6)

. # "
+Lyn(wg) Ly (w) Ly (ws) sin ag cos ar cos ay )(B(C'%\ILL) N

2. Surface dipole susceptibilities, )(éfg.

The hyperpolarizabilities in the surface coordinates (§,71,&) are projected into the macroscopic

susceptibility tensors )(Qgc) in the laboratory coordinates (X, Y, Z), via''®!*!

# #
X‘gog,?@AKL,M,N =X R?SR@TRA;BS(T);Kg,n,s (7



where Ry;, Rar, and Rpg denote a matrix element in the Euler transformation from the laboratory

coordinates (X, Y, Z) to the surface coordinates (£, 7, €) as described in Supporting Information.

The surface symmetry of GaP(100) could be either Cav or Cav. Under a Cav symmetry for the topmost

# #
and sublayers, there are seven independent non-zero terms, ﬁ ,[)’ ( ) ( ) W (W\)l and Sy A #61 He

The microscopic hyperpolarizability tensors, £, for Cov possesses 7 independent elements: ﬁéﬁ\),, ﬁg‘%,

(G GO C))
B\gﬁﬂ B> B> Bww and .vav In the case of GaP(100) surfaces with a C2v symmetry, the macroscopic

(

susceptibility tensors )(O/C) terms are given by'®

1)) = S 108 (@) — B (@)Pcos2 + (B () + Bigd (@))]
1

Kot (07 = 5 [0B (@) = Biw(w )P cos26 + (Blu(w)) + Blw@))]
1

X (@) = 5 [0B8) (@) — Blam(@))P cos2¢p + (B (@) + Blin(@))]

Hl\J

Xsgnan(@)) = 5 [0Bnd (©) = Bl ()P cos2¢ + B (@) + B (@))]
x%cMNM(w/)——[om%%v( w)) — B (@))Pcos2 + (Bim(@)) + BE (w)))]

X5 (@) =5 [0/365‘“%((»/) — B (w))Pcos2¢ + B (@) + B4 (@)]

X%c NNN((‘)/) = ,Bv (w/) (8)

As in Eq. 6, four independent wave-propagating susceptibilities are typically employed in SFG

experiments: )(050(;)0/%0 Xo(/fc),o/oo% Xg/o(%O%% and 0221000. These are related to the laboratory susceptibilities

by incident angles and Fresnel factors, and are expressed as’’

# . 4
Xéoc)%%o = Lym(wg)Lmm () Ly (w4) sin ay )(g/o%,MMN

" . #
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. #
+Lyn(wsg) Ly (w) Ly, (wg) sin ag cos a- cos ay )(O/E)C?NLL
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On the other hand, only the four terms are nonvanishing for Csv symmetry at the top-most layer, namely,

LSE?/ = 6333, 363[)] = V(\?/\)/v’ (ﬁa = B\E\m,, and .&/(W- The derivation for the Cav symmetry can be found in

Supporting Information.

3. Surface charge induced susceptibilities, )(ng).

Surface charges can contribute to ESFG responses for doped semiconductors. The surface charge induced
susceptibility, ng , is the product of third-order susceptibility, y®, and electric fields, £, within the

coherence length of the ESFG process, 1/Akp, specifically, y ® E. When the electric field exists only along

the surface normal (E:), four nonvanishing elements of y® are as follows: )(I(\ﬁ\])NN; X(L$BNN = xl(\f,\),[NN;

X£$N)LN = le,ﬁ\?MN ; and )(%,$L)LN =)(I\(H€I)MN. The azimuth-dependent y® elements follow those from surface

dipole induced ESFG responses as shown in Eq. 8:*

XO(/f}g,NNN = XIEIgliI)NNEN

Xo(/o#%,LLN = X(%S),MMN = XIE/?I\)/INNEN = X(L$L)NNEN

X"(/flg,LNL = X"%E)MNM = Xﬁ\J)LN Ey = XS;\?MNEN

Xo(/o#%,NLL = Xt%:)NMM = XNounEN = XinnEn (10)

We assume that Z-dependent electric potential is written as ®@(z) = @(0)e P, where ®(0) is the surface
potential with respect to the flat band, and « is the band bending depth caused by either depletion or
accumulation in the surface region of GaP in the presence of doping. As a result, the surface charge-induced

ESFG responses are expressed as’” 123126

W __X $
Xog = sqas XS @ (0)Akp. (11)

123,124, 126

Itis noted that Eq. 11 is slightly different from those reported in the literature, in that it is necessary

to include additional Akp for the purpose of the correct unit. We further decompose Eq. 11 into the real,

)(0(/::it lg,Y’ and imaginary parts, )((f: g‘?, as follows: * 123124
M __X s
X%E,Y - X”ZAG% X( )¢(0)Akp
# _  XAGy

o = gzag X P(O)Akp. (12)

As seen in Eq. 12, only the imaginary part dominates when k < Akp, and only the real part dominates when

K > Akp, and both the real and imaginary parts exist when x~Akp.



4. ESFG intensity.
The azimuth-dependent ESFG intensities for GaP(100) are given by,

) #) #) #) (#) #
Ipg~ (@) « 9)(011((15)9 = 9)5 ‘SG,I; /a(¢) + X s6,7ab T X\ 'c1r:0,1; /a((lb) + X\'c11:0,/ab?

(13)
where subscripts “anis” and “iso” represent anisotropic and isotropic components of both bulk and surface

susceptibilities, respectively. In our case, the X(#) and )(%g are assumed to be negligible since the

contributions from bulk quadrupoles and surface quadrupoles do not change with doping. No isotropic
component occurs in Eq. 13. Thus, we consider contributions of effective susceptibilities only from bulk

dipoles (anisotropic, )(6#1&)1,3(:_1; sa(®) ), surface dipoles (isotropic, X(g#{)l,%c,/ab and anisotropic,

xgﬁ)ly%m /a(@)), and surface charges (isotropic, Xo(ﬂ,%E, /ab»> and anisotropic, )(g)ll%E_I; /a(@)) only. Thus,

azimuth-dependent ESFG intensities take the form of

w4 (e)
& D% (#) #) (#) #)
Iy~ () o —Q/AG — T Xo11,%E1;/a () + X011,%¢,1;/a (D) + Xo11,%E /ab T X011,%C,/ab”

(14)
All the anisotropic parts follow a 2-fold symmetry in the surface plane, even though the latter two are not
complex under non-resonant conditions. For non-negligible isotropic parts, the azimuth-dependent ESFG
responses are expected to follow a 4-fold symmetry. Since both the susceptibilities for the surface charges

and surface dipoles have the same isotropic and anisotropic features, we could combine them into

X(()#li)l,%EC,I; /(¢) and X(gﬂ,%ﬁc, Jab> and further simplify Eq.14 into,

% (e)

49
I (¢)°<“—& ;

# #
ae, T Xo(1)1,%Ec,1;/ (¢) + Xo(n),%Ec,/abA : (15)

It is noted that all Xl(a#c),l; /a(®), )(éo#gc_l; /a(@), and X"/E)#];)C,/ab could be complex when resonant with

electronic transitions. For each azimuthal angle, intensities of an ESFG spectrum are written as

81,4+ . (e) . 8124"
I(w), ¢) < 9)((f( /ab "‘Xf( 1;/a(@) + X 632Q/h +2) 6Q61Q/2h9 : (16)
For a given ¢, we further obtained as follows:

#
I(w/)OC9C+Z/W9 . a7



where )(E?‘)/ab and )((f?l; /a are the non-resonant complex susceptibilities for isotropic and anisotropic

components, Ar represents resonant amplitude of hyperpolarizability, w, denotes the ith electronic
transition frequency, and I’ denotes the damping rate of electronic transitions. Both surface and bulk
contribute to either resonant or non-resonant components of the total macroscopic susceptibility, depending
on if electronic transitions are of surface or bulk origin. There are four possible pathways in the process of
ESFG, including off-resonant/off-resonant, off-resonant/resonant, resonant/off-resonant, and
resonant/resonant.'?’ In the case of GaP under our experimental conditions, off-resonant/resonant accounts

for the resonant ESFG in Eq. 16, as schematically shown in Figure 1(D).

Experimental Section

Laser system. A detailed description of steady-state ESFG experiments has been reported previously.”” ™"
128 Briefly, a fundamental light centered at 797 nm from a 1 kHz Ti:Sapphire amplifier system (UpTek
Solutions) was used. The output energy of the laser was 4 mJ per pulse with a pulse duration of 100 fs. A
major portion of 2.0 mJ was passed through an etalon to generate a picosecond pulse of 8 cm™. A small
portion of 1.5 mJ was used to generate a shortwave IR (SWIR) pulse from a home-built broadband optical
parametric amplifier (BOPA).”" "' '*® The remaining fundamental pulse of 0.5 mJ was doubly converted
with a Beat Barium borate (BBO) crystal into 400 nm as a pump pulse. The time delay between the

picosecond pulse and the SWIR was controlled by a motorized translation stage (Klinger).

Optical layout. The picosecond pulse of 40 uJ and the SWIR of 10 uJ were incident on a sample at 60°
and 45°, respectively, with respect to the surface normal. The spot sizes were set to be 510 um for the
picosecond and 300 pm for the SWIR, separately. Three polarizers were used to select different polarization
combinations for the ESFG, picosecond pulse, and the SWIR. The polarization combinations of SSP, SPS,
PSS, and PPP were defined in an order of increasing wavelength for the three beams. In the SWIR light
path, an additional 1000 nm long-pass filter was placed before the samples to remove some visible lights

generated by the optical elements in the BOPA.

Collection of ESFG spectra. A spectrometer (Kymera 328i-C, Andor Technology) with a thermally cooled
charge-coupled device (CCD) (IDus DU420A-BVF, 1024 x 255, Andor Technology) was used to collect
both ESFG and ESHG spectra. Typically, an exposure time of 60 s and 5 s were used for spectra at

azimuthal angles of 45° and 0°, respectively.

10



Azimuth-dependent ESFG measurements. A motorized rotational stage (Newport) was used to control
azimuthal angles of the GaP samples. To guarantee no wobbling in the rotation, the samples were positioned
in the center of the stage. A custom Labview program was made to communicate with the rotation stage
via a computer in azimuth-dependent ESFG experiments. Steady-state ESFG spectra were normalized by

silver thin films (Thorlabs).

Phase measurements. Heterodyne detection (HD) of broadband SHG was used for phase measurements
with the SWIR from 1150 nm to 1500 nm, using a short-pass (Edmund Optics) filter with a cutoff
wavelength of 1500 nm.'® The 2.9 uJ SWIR pulse was focused to be 130 pm in diameter using a lens with
25 cm focal length, followed by a 1000 nm long-pass filter. A z-cut a-quartz crystal (MTI) of 100 um
acted as a local oscillator (LO). The generated SHG signal from the LO and the transmitted fundamental
beam maintained spatial collinearity when overlapped at surfaces. Glass slides as time delay generators
were placed after the LO. A short pass filter of 900 nm (Thorlabs) was placed directly after the samples to
remove the fundamental light for phase measurements. The polarization of the fundamental light was set to
be S-polarized (S-in) or P-polarized (P-in), while that of the SHG light P-polarized (P-out). Thus, two
polarization combinations of S-in/P-out and P-in/P-out were used in phase experiments. Typically, an
exposure time of 5s was used for phase measurements. A routine Fourier analysis treatment yielded phase

information for different azimuthal angles.” 1% 13!

Samples. Both n-type GaP(100) S-doped 2-12 x10'7 cm™ and p-type GaP(100) Zn-doped 4.0-5.2x10' cm™
were purchased from MTI. Silver thin films (PO1, Thorlabs) were used as received. Left-handed z-cut -

quartz crystals (Brightcrystals Technology INC.) were used in phase measurements.

Results

Azimuth-dependent ESFG from GaP(100). To investigate surface symmetry of GaP(100), azimuth-
dependent ESFG experiments were carried out. The [011], [010], and [011] axes for GaP(100) are defined
to be 0°, 45°, and 90°, in a counterclockwise manner, as they are for GaAs.'” Figure 2 shows pseudo-color
2D plots of PSS-polarized ESFG spectra of GaP(100) for n-type (A) and p-type (C) as a function of
azimuthal angle. SPS and SSP polarization combinations are found in Figures S1. It is shown that all the
ESFG responses exhibit 2-fold symmetry patterns at different wavelengths from 470 nm to 530 nm for both
n-type and p-type GaP(100) crystals. Figures 2(B) and (D) show polar plots of PSS-polarization ESFG
intensities as a function of azimuthal angle for both n-type and p-type GaP(100) at 490 nm. Eq. 5 shows
that bulk dipole contributions exhibit 4-fold ESFG intensity as a function of azimuthal angle for GaP(100)

if only bulk dipoles exist. Our experiments showed 2-fold azimuth-dependent patterns for all polarizations,

11



indicating that the surfaces components also contribute to the ESFG responses and exhibit a Cov symmetry
rather than a C4v symmetry for both n-type and p-type GaP(100). The ESFG signals were not only from the

topmost layer, but also from sublayers. These results are consistent with those for GaAs,” %% 10°

suggesting
that GaP(100) crystals have the same surface structures as GaAs.

As expected, the ESFG signals at 0°([011]), 90° ([0117), 180° ([011]), and 270° ([01'1]) were dominated
by bulk (bulk-dominant), while those at 45°([010]), 135°([001]), 225°([0107), and 315°([001]) were
dominated by isotropic surface components (surface-dominant). The surface-dominant ESFG signals were
relatively weak. It is important to note that the maximum ESFG signals occur at 90° ([011]) and 270°
([0117) for n-type GaP(100), and at 0° ([011]) and 180° ([011]) for p-type GaP(100). The differences in the

maximum ESFG signals suggest that the isotropic surface components carry positive or negative signs of
the )(/(:g for the n- and p-type GaP(100) crystals. As formulated in Eq. 14, the isotropic surface components

are from either surface charges and/or surface dipoles. However, from the intensity measurements, we could

not differentiate them.

Phase Measurements of Surface and Bulk Contributions. To further identify signatures and the origins
of the isotropic surface components, heterodyne detection of interfacial broadband electronic spectroscopy
(HD-iES) was implemented.'?’ We chose a wavelength range of 1140-1500 nm for our HD-iES experiments.
As such, the broadband HD method can provide spectra ranging from 570 nm to 750 nm. In this wavelength
range, the yof the GaP crystals only shows non-resonance contributions. Otherwise, the phases would

jump once resonant with surface transitions, leading to the added complexity of separation of surface charge

induced susceptibility, )(O(/fg , and the surface dipole susceptibility, )(0(/12 .

In our HD experiments, we used the left-handed z-cut a-quartz as a reference to measure the absolute
phases of GaP since the absolute phase of )(i.(f ():j p, forz-cut a-quartz is known to be -90° for S-in/P-out, as

shown in Figure S2. Figure 3 shows the absolute phases as a function of azimuthal angle at 700 nm for the n-
type (A) and p-type (C) GaP(100) crystals under S-in/P-out polarization combination. It is seen that the
azimuth-dependent phases produce shifted phase cycles for the n-type GaP(100) between 270° and 90°,
relative to those for the p-type GaP(100) between -90° and 90°. In fact, the phases of 270° and -90° are the
same mathematically. It is surprising that the phases alternate differently for the n-type and p-type GaP(100)
crystals.

To discover the origins for the shifted phase cycles along the surface-dominant axes for the n-type and
p-type GaP(100) crystals, we carried out simulations by using Eq. 15. Experimentally, we could not

differentiate )(022 from )(g/fc) , but only )(EZ)EC’I; /a from )((S: ék, Jab- The sign of )(](3#8 along the bulk-dominant

129

direction is negative from our previous phase measurements, =~ as confirmed in Figure S2. The signs of
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)(](3#8 , )(g/féyl; Ja> and )((Sf g Jab remain unchanged with doping. On the other hand, )(0(/0#% Jab and )((()/#O%EII; /a could

possibly change signs due to opposite electrical fields, as presented in Eq. 10. Thus, we kept the values of

)(](3#8 and )(g/fl)zc,l; ) to be -0.9 and 0.4, separately, while changing the values and signs of )(g/féc' /ab with both

real and imaginary parts in the simulations. It was found that the imaginary part does not affect the trend of

phase cycles with azimuthal angle. Furthermore, the azimuth-dependent phases exhibit significant phase
jumps when only the real part of X;ﬁl)sc, /ab varies, and the anisotropic part, )(g/gc'[; /a slightly move the phases
up or down along the bulk-dominant axes. Figure S3 shows the simulated azimuth-dependent phases for

Xsypc o ©F 1,0.1,0.01,-0.01, 0.1, and -1, which includes both x4p ., and xgs. .- These simulation results

have two implications: 1) The contribution from the )(050? /ab Was greater than that from the X(;;#C), Jab> 2) the

surface charges changed signs from the n-type to the p-type GaP(100) crystals.

Figures 3 (B and D) shows the interference electronic spectra under the S-in/P-out polarization
combination for n-type and p-type GaP(100) along the surface-dominant [010] directions, compared to
those from a left-handed z-cut quartz. The interference peaks of both the n-type and p-type GaP under the
S-in/P-out configuration show significant shifts relative to that for the left-handed quartz, one with phase
lead, the other with phase lag. The phases along the surface-dominant directions differ by almost 180°
between the n-type and p-type GaP(100). These experimental and simulation results indicate that surface

charges have negative and positive signs for the n-type and p-type GaP(100), separately.

ESFG spectra measurements. To investigate spectral features from the bulk and surface, we normalized
the static-state ESFG spectra for both n-type and p-type GaP(100). Figure 4 shows the normalized PSS-
polarized ESFG spectra along the [010] axis (surface-dominant) for n-type (A) and p-type (C) under
different polarization combinations, compared to those along the [011] axis (bulk-dominant) for n-type (B)
and p-type (D). The ESFG spectra for SPS and SSP polarization combinations are found in Figure S4. It is
seen that all the ESFG spectra appear to be similar under all the polarization combinations along the surface-
dominant and bulk-dominant directions for both the n-type and p-type GaP crystals. A significant difference
for those two directions is that the signals near the plateau which occurs at longer wavelength along the
bulk-dominant directions were larger than those along the surface-dominant directions. These results
indicate that the non-resonant parts along the bulk-dominant direction were bigger than those along the

surface-dominant direction.

To reveal spectral peaks, all the ESFG spectra were fitted with Eq. 16. The fitting results are shown in
Tables S1 and S2. It was found that ESFG spectra along both the bulk-dominant and surface-dominant
directions exhibit three peaks with slight shifts for both n-type and p-type GaP(100), and the transition
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strengths of the peaks for n-type GaP are slightly different from those for p-type GaP. The three peaks for
the n-type GaP(100) are located at around 471 nm, 478 nm and 495 nm along the bulk-dominant direction,
and near 470 nm, 480 nm and 500 nm along the surface-dominant direction. On the other hand, the three
peaks for the p-type GaP(100) are located at around 473 nm, 486 nm, and 498 nm along the bulk-dominant
direction, and with three peaks near 474 nm, 480 nm, and 500 nm along the surface-dominant direction.
These ESFG spectra exhibit three similar peaks along both the bulk-dominant and surface-dominant

directions, suggesting that the peaks might have similar origins.

There exist two possibilities in the assignment of the three peaks for both the bulk-dominant and
surface-dominant ESFG spectra of the GaP(100) crystals. One possibility is that all the peaks are of bulk
origins, or they all come from the crystal surface. The latter of the surface-originated peaks is preferred

based on the arguments that follow. First, the ESFG spectra along the bulk-dominant direction were found

to be dominated by non-resonant parts, which were due to bulk dipole )(](3#9. Spectral contributions from the

resonant parts were much smaller than those from non-resonant ones, as shown in Tables S1 and S2. Second,
our transient ESFG experiments showed that the carriers in the GaP bulk were not as photoexcited as
expected. Figure S5 compares transient spectra at a time delay of 100 ps along the bulk-dominant and
surface-dominant directions for the #- and p-type GaP(100) through transient ESFG. It was found that the
percentages of ground state bleaching (GSB) of these peaks along the bulk-dominant directions were much
less than those along the surface-dominant directions. If the peaks were due to transitions from the bulk,
the percentage of GSB is expected to be much larger. These kinetics results suggest that only surface
carriers were populated. Lastly, the GaP crystals are an indirect transition semiconductor, and no direct
transitions are allowed in bulk in the examined wavelength region. Together, these three peaks were

suggested to originate primarily from transitions of surface states for the GaP(100) crystals.
Discussion

In the case of free GaP surfaces, surface states in the band gap originate from reconstruction-induced
bonds and surface charge-induced states. These electronic states are localized with discrete energy levels,
either empty, partially occupied, or fully occupied. In doped GaP surfaces, charges primarily induce surface
states. Our experimental findings show that surface states carry negative charges for the n-type and positive
charges for the p-type GaP, separately, as schematically displayed in Figure 5. For the n-type GaP, the
acceptor-type surface states were located at Eu1 = 2.64 eV (peak at 470 nm), Eu2 = 2.58 eV (peak at 480
nm) and Fas3 = 2.48 eV (peak at 500 nm), above the valence-band edge. For the p-type GaP, the donor-type
surface states were located at Eas1 = 0.16 eV (peak at 474 nm), Eas2 = 0.20 eV (peak at 480 nm) and Eus; =

0.30 eV (peak at 500 nm), above the valence-band edge. Since the GaP is an indirect semiconductor, these
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surface states are not necessarily located at the I" point. From our results, the three ESFG peaks were
assigned to be transitions from the VB to the three acceptor-type surface states for the n-type GaP, and from

the donor-type surface states to the CB for the p-type GaP.'*

Now that we have known the phases along the surface-dominant directions, we quantitatively analyzed

(# (#)

the XBgr XobEC,1;/a> and ng)c, /ab by fittings of Eq. 15 into the three surface transitions for n-type and p-type

#
GaP(100) crystals, as shown in Figure S6. We were able to obtain the relative values of x5, )(OEOE)C’ Jab and

)(g/féc_l; /a for each transition as shown in Table S3. These values slightly varied for the three peaks, likely

due to complex contributions of surface charge induced responses, as shown in Eq. 12. It was found that
the bulk contributions were comparable to those of the anisotropic surface components. Furthermore, the
isotropic surface components were found to be much smaller than the anisotropic surface components. The
isotropic surface components are dominated by surface charge induced responses.

For semiconductor surfaces, bulk contributions always complicate interpretation of surface SFG and
SHG, impeding wide applications of the techniques. Generally, only SFG or SHG intensity measurements
could hardly differentiate surface from bulk. The combination of spectral information with phase
experiments has enabled us to quantify contributions from surface, bulk, or both with azimuthal angle for
n-type and p-type GaP(100). Our results indicate that the electronic transitions are dominated by surfaces

for any azimuthal angles in GaP(100), instead of bulk dipoles.
Conclusions

We have combined azimuth-dependent ESFG spectroscopy with phase measurements to investigate surface
states for both n-type and p-type GaP(100) photoelectrodes. Azimuth-dependent ESFG intensities showed
that the GaP(100) surfaces exhibit Cov symmetry. These ESFG spectroscopic studies have also enabled us
to identify three surface states for both the n-type and p-type the GaP crystals., and our phase measurements
revealed the nature of the surface states. The surface states were found to originate from surface charge
induced local states which carry different charges: negative for the n-type and positive for the p-type GaP.
We have also completed a thorough analysis of surface ESFG theory by considering bulk dipoles and
quadrupoles, surface dipoles and quadrupoles, and surface charges. Our experiments support that only bulk
dipoles, surface dipoles, and surface charges contribute to the ESFG responses. We have further quantified
surface and bulk contributions, based on the spectral and phase measurements, showing that the surface
transitions dominate at all the azimuthal angles. These unique surface approaches will potentially help us
understand surface behaviors of other semiconductors in the processes of photocatalysis and

photoelectrocatalysis.
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Supporting Information

The supporting information contains the Fresnel transmission tensor and Euler transformation, the

derivation of bulk and surface quadrupole contributions ( )(](3%) and )((%) and the derivation of the

susceptibilities for Csv symmetry. The following supporting figures and tables are provided in the
supporting information: Pseudo-color 2D plot of intensities from n-type and p-type GaP(100) (SPS and
SSP) as a function of azimuthal angle, Figure S1; Interference b-ESHG spectra for n-type and p-type
GaP(100) (S-in/P-out) along the bulk-dominant axes, Figure S2; The simulation of the phases as a function
of azimuthal angle, Figure S3. SSP and SPS ESFG spectra for n-type and p-type GaP(100) along the [011]
axis (bulk-dominant) and [010] axis (surface-dominant), Figure S4. Bleaching comparison of bulk and
surface, Figure S5. Fitting of the intensities from n-type and p-type GaP(100) as a function of azimuthal
angle at three resonance peaks, Figure S6. Fitting results of n-type and p-type GaP(100) static spectra, Table
S1 and Table S2. Fitting results of the intensities from n-type and p-type GaP(100) as a function of
azimuthal angle at three resonance peaks, Table S3.
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Figure 1. (A) Schematic of a unit cell of GaP. The top view of the GaP(100) surface is shown in the
inset. (B) Schematic of the ESFG experimental setup, where a visible beam, a SWIR beam, and a resultant
ESFG beam are configured. Three coordinate systems including the laboratory coordinates (X, Y, Z), crystal
coordinates (a, b, ¢), and surface coordinates (&, 1, €) in GaP(100) are defined. (C) Azimuthal angle, ¢, is
defined to be the angle of the [011] symmetry axis away from the X axis. ¢ is defined to be 0° when the
[011] direction is along the X axis and ¢ is 90° when the [011] is along the Y axis. The rotation of the
azimuthal angle is counterclockwise. The b and c¢ principal axes are along ¢ - 45° and ¢ + 45°,
respectively. (D) Energy diagram of ESFG in the case of off-resonance/resonance for GaP(100) under our

experimental conditions.

17



1 1
- * g 5
g . :
12 300 r 1S 300 '
'3 - 0 13 2
1 B0 (LY 1
- 0.5 "= o1 1 =
vE 10010 R ' E 100 :
= o= 1
B — 0.0 15 (I 0 :
1 < 1 1 2 1
: 480 500 520 - 480 500 520 '
, Wavelenght (nm) - Wavelength (nm) !
e (B) 2 (®) s
: 90° ([01'2)) oo 90° ([01'2]) :
135° 45° ([010]) 135° 45° ([010])
. 180° "( T 0°([o11]) : +  180° 0° ([011]) !
225° 315° : 225° 315° :
E 270° o 270° E

Figure 2. Pseudo-color 2D plot of PSS-polarized ESFG intensities (unnormalized) for n-type (A) and
p-type GaP(100) (C) as a function of azimuthal angle. Polar plots of the PSS-polarized ESFG intensities of
n-type (B) and p-type GaP(100) (D) as a function of azimuthal angle at an ESFG wavelength of 490 nm.
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Figure 3. The absolute phases of n-type (A) and p-type (C) GaP(100) (S-in/P-out) as a function of
azimuthal angle at 700 nm. The phase error (Green bar) was + 6°. Interference ESHG spectra for n-
type (B) and p-type (D) GaP(100) (S-in/P-out) along the surface-dominant [010] axes as compared

with that for the left-handed z-cut a.-quartz crystal along the +X axis. In wavelength domain, phases
lead for the n-type, while phases lag for the p-type, as shown in arrows (B&D).
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Figure 4. PSS-polarized ESFG spectra for n-type GaP(100) along the bulk-dominant [011] axis (A) and the
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