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Abstract 

As performance of halide perovskite devices progresses, the device structure becomes more 

complex with more layers. Molecular interfacial structures between different layers play an 

increasingly important role in determining the overall performance in a halide perovskite device. 

However, current understanding of such interfacial structures at a molecular level nondestructively is 

limited, partially due to a lack of appropriate analytical tools to probe buried interfacial molecular 

structures in situ. Here, sum frequency generation (SFG) vibrational spectroscopy, a state-of-the-art 

nonlinear interface sensitive spectroscopy, is introduced to the halide perovskite research community 

and is presented as a powerful tool to understand molecule behavior at buried halide perovskite 

interfaces in situ. It was found that interfacial molecular orientations revealed by SFG can be directly 
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correlated to halide perovskite device performance. Here how SFG can examine molecular structures 

(e.g., orientations) at the perovskite/hole transporting layer and perovskite/electron transporting layer 

interfaces is discussed. This will promote the use of SFG to investigate molecular structures of buried 

interfaces in various halide perovskite materials and devices in situ nondestructively with a sub-

monolayer interface sensitivity. Such research will help to elucidate structure-function relationships of 

buried interfaces, aiding in the rational design/development of halide perovskite materials/devices 

with improved performance.    

 

 

1. Introduction 

Halide perovskites are among the most promising semiconducting materials for photovoltaic 

and optoelectronic applications, and have been extensively studied over the past decades.
[1]

 As 

progress has been made in synthesis of halide perovskite active layers,
[2]

 selection of charge 

transporting materials,
[3]

 and recipes for device fabrication,
[4]

 little understanding has been established 

on the buried interfacial molecular structures of perovskite devices. Recently, it has been 

demonstrated that interfaces play important roles in halide perovskite photovoltaics.
[5]

 Related 

examples include: (1) Interfacial molecular structure of a hole transporting layer (HTL) can greatly 

impact the overall photo conversion efficiency (PCE) of a halide perovskite photovoltaic device.
[6]

 (2) 

Interfacial modification of both the electron transporting layer (ETL) and HTL of an un-encapsulated 

halide perovskite photovoltaic device can increase its operational stability to over 1000 hours.
[7]

 (3) 

Interfacial structure can dictate perovskite bulk structure – A properly chosen surface underneath the 

perovskite film can lead to an optimized perovskite bulk structure and promote the perovskite solar 

cell PCE up to ~19.3%.
[8]

 In addition to the above examples, it is worth mentioning that recent 

research also shows that applications of charge defect passivation molecules in interface-near regions,
 

[9]
 interlayers,

[10]
  and complex 2D/3D interfacial regions

[11]
 can effectively improve the perovskite 

photovoltaic device performance. Also, recently it was reported that interface recombination is the 
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limiting recombination mechanism in perovskite solar cells, which directly influences the device 

performance.
 [12]

  

With the rapid development of halide perovskite materials and devices, it is urgently desired 

to understand and design different interfaces in perovskite devices for fundamental research and 

practical applications. However, many interfaces in perovskite devices are buried (e.g., solid/solid 

interfaces) which are difficult to probe nondestructively. Also, to understand such buried interfaces in 

depth, it is important to characterize the structures at interfaces at the molecular level: i.e., identify the 

interfacial functional group composition and determine interfacial functional group orientation. 

The critical barrier for buried interfacial molecular structure research is the lack of 

surface/interfacial sensitive methods to nondestructively examine buried interfaces in situ at the 

molecular level with monolayer (or sub-monolayer) sensitivity. Monolayer sensitivity is important 

because the buried interfacial molecular structure is intrinsically the structure of a monolayer at an 

interface. Unfortunately, most of the techniques used to study sample crystallinity are not able to 

achieve such sensitivity. Nondestructive measurements are critical because halide perovskite active 

materials are extremely sensitive to contacting air;
[13]

 an ideal in situ interface measurement technique 

should be applied to probe the buried interface. Some of the commonly adopted interfacial analytical 

tools for studying halide perovskites include X-ray absorption near edge spectroscopy (XANES), 

grazing incidence X-ray diffraction (GIXRD), cross-section scanning electron microscopy (SEM), etc. 

The above analytical techniques using X-rays are based on crystallinity measurements of the 

materials, which lack monolayer sensitivity, and may not be able to study buried interfaces in situ. 

XANES and GIXRD can achieve near surface sensitivity (~7-10 nm), but still lack the ability to reach 

monolayer sensitivity. Commonly used imaging techniques like SEM can provide morphology of a 

device’s surface, or image a device’s cross-section, but do not provide molecular level structural 

information. To understand the detailed interfacial structures and structure-function relationships, it is 

necessary to obtain molecular level structural information. 

Here, a surface/interface sensitive nonlinear optical spectroscopy, sum frequency generation 

(SFG) vibrational spectroscopy, which can probe molecular structures of buried interfaces in situ 
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with a sub-monolayer sensitivity, is introduced. SFG is a second-order nonlinear optical process, 

which involves two incoming beams and an SFG signal beam. For an SFG process to happen, two 

incoming photons must be spatially and temporally overlapped at the sample to generate a third 

photon (SFG signal), which combines the overall energies of the two incoming photons.
[14-16]

 SFG has 

been successfully applied to elucidate molecular structures of buried solid/solid interfaces in situ at 

the molecular level.
[17,18]

 

2. SFG Introduction 

2.1. SFG Interface Sensitivity 

SFG vibrational spectroscopy (or SFG in short) is a second-order nonlinear optical 

spectroscopy. Early SFG theoretical and experimental foundations have been developed by Shen and 

co-workers.
[14,16]

 The selection rule of a second-order nonlinear optical process dictates that the SFG 

signal can only be generated from a medium without inversion symmetry (see more detailed 

discussion below in section 2.3). Most bulk materials possess inversion symmetry (or are central 

symmetric – symmetric with respect to an inversion center), therefore no SFG signal can be 

generated. Due to the broken inversion symmetry at surfaces or interfaces, SFG can be used to 

selectively study molecules on surfaces and at buried interfaces. Extensive research indicates that 

SFG is “extremely” surface/interface sensitive, down to a sub-monolayer.
[15]

 

2.2 Capability of SFG to Probe Buried Interfaces in Situ Nondestructively 

Figure 1a shows a schematic of SFG signal generation from a sample surface. In a typical 

SFG experiment, a visible (e.g., 532 nm or 800 nm) beam and an infrared (IR) beam (frequency 

tunable or broadband) are used as input beams. As long as these two beams can reach a buried 

interface, SFG signal can be generated from said buried interface. As we discussed, the bulk media 

above and below this buried interface usually (because of possessing inversion symmetry) would not 

generate SFG signal due to the SFG selection rule. Therefore SFG can selectively probe a buried 

solid/solid interface in situ nondestructively using a reflection sample geometry, without the need to 

break the interface,
[17]

 including the buried interfaces involving perovskite materials.
[6]

  

2.3 Capability of SFG to Provide Molecular Level Structural Information 
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2.3.1 Identification of Interfacial Functional Groups 

Figure 1b illustrates the energy level diagram of an SFG process, indicating that SFG is a 

combined process of infrared absorption and anti-Stoke Raman scattering. In our SFG experiments, 

the wavenumber of the input IR beam is continuously tuned and the SFG signal is detected as a 

function of the input IR beam wavenumber. When the IR beam is tuned to a resonance frequency of a 

functional group’s vibrational mode at the interface, the SFG signal intensity can be enhanced. 

Therefore the SFG signal intensity plotted vs. the input IR beam wavenumber provides the vibrational 

spectrum of the interface. A vibrational spectrum can be thought to show the finger prints of a 

molecule. The peak centers in the spectrum can be used to identify various interfacial functional 

groups, because different functional groups have characteristic vibrational modes with different 

resonance wavenumbers, leading to peaks with different center positions. Therefore SFG can be used 

to identify interfacial species or compositions.   

2.3.2 Orientation Determination of Interfacial Functional Groups 

Figure 1b shows the energy level diagram for an SFG process.  An SFG process can be 

considered as a combined IR absorption (red arrow in Figure 1b) and anti-Stokes Raman scattering 

(green and blue arrows in Figure 1b). The signal intensity of IR absorption and Raman scattering of a 

vibrational mode are determined by the infrared transition dipole moment and Raman polarizability 

tensor of the vibrational mode respectively. The SFG signal intensity of the vibrational mode is 

determined by the hyperpolarizability, which is a product of the infrared transition dipole moment and 

Raman polarizability tensor (equation (1)).
[17]

 In equation (1), 
q

c

Q


and 

q

ab

Q


 are the infrared 

transition dipole moment and Raman polarizability tensor respectively. 

 

𝛽𝑎𝑏𝑐
(2)

= −
1

2𝜀0𝜔𝑞

𝜕𝛼𝑎𝑏
∗

𝜕𝑄𝑞

𝜕𝜇𝑐

𝜕𝑄𝑞
        (1) 

An SFG experiment probes the overall effects of the hyperpolarizability of all the molecules 

at the interface, or the second order nonlinear optical susceptibility 
(2)

, which is a third rank tensor. 
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Before we discuss the orientation determination from 
(2)

 measurements, we want to revisit the SFG 

interface sensitivity. 
(2)

 is a polar tensor, which means that it will change sign under an inversion 

operation. For a medium with inversion symmetry, such as a bulk material, any property including 
(2)

 

is the same under an inversion operation. Therefore for a medium with inversion symmetry, 
(2)

 can 

only be zero, and therefore no SFG signal can be generated. Most bulk materials of organic molecules 

and polymers usually possess inversion symmetry, therefore no SFG signal can be detected from such 

bulk materials. At a surface/interface where inversion symmetry is broken, 
(2)

 can be non-zero and 

SFG signal can be collected.  

It is important to measure the orientations of different functional groups at interfaces in halide 

perovskite photovoltaic devices. As we will present below, the orientation of interfacial functional 

groups at the buried perovskite/semiconducting polymer HTL interfaces is strongly linked to the 

perovskite solar cell PCE.
[6]

 Optimization of such interfacial orientations can greatly enhance the 

perovskite solar cell PCE to record high values.
[19]

 Here we will present some details regarding the 

SFG orientation analysis due to the significant effects interfacial molecular orientation has on halide 

perovskite device performance. SFG can examine many interfacial chemical functional groups 

including O-H (hydroxyl), -CH3 (methyl), -CH2 (methylene), aromatic C-H, C=O (carbonyl), C=C 

(e.g., in thiophenes, which will be discussed in detail below), amide I, C-F groups, etc. through their 

vibrational modes. SFG spectra collected using different polarization combinations probe different 

SFG susceptibility tensor elements, from which the orientation of a functional group or molecule can 

be determined. Basically, collecting optical spectra using varied polarizations measures the 

projections of the studied molecules (vibrational modes) onto different axes in the lab-fixed 

coordination frame. From these projections, molecular or functional group orientation can be 

determined. Detailed theoretical fundamentals for SFG orientation analysis have been studied 

extensively by Hirose et al.,
[20,21]

 Shen et al.,
[16]

 and Simpson et al.
[22]

 

In more detail, using different polarization combinations of the input and output beams in the 

SFG experiment, different elements of the 
(2)

 tensor can be accessed (measured). For example, using 
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ssp (s-polarized SFG signal, s-polarized visible input beam, and p-polarized IR beam) polarization 

combination, 𝜒𝑒𝑓𝑓,𝑠𝑠𝑝
(2)

 can be measured. Such measured elements can be correlated to the elements of 

the 
(2)

 defined in the lab coordination (xyz) system through the following equations: 

𝜒𝑒𝑓𝑓,𝑠𝑠𝑝
(2)

= [𝐿𝑦𝑦(𝜔)𝐿𝑦𝑦(𝜔1)𝐿𝑧𝑧(𝜔2) sin 𝛽2] 𝜒𝑦𝑦𝑧
(2)

     (2) 

𝜒𝑒𝑓𝑓,𝑠𝑝𝑠
(2)

= [𝐿𝑦𝑦(𝜔)𝐿𝑧𝑧(𝜔1)𝐿𝑦𝑦(𝜔2) sin 𝛽1] 𝜒𝑦𝑧𝑦
(2)

     (3) 

𝜒𝑒𝑓𝑓,𝑝𝑠𝑠
(2)

= [𝐿𝑧𝑧(𝜔)𝐿𝑦𝑦(𝜔1)𝐿𝑦𝑦(𝜔2) sin 𝛽]𝜒𝑧𝑦𝑦
(2)

     (4) 

𝜒𝑒𝑓𝑓,𝑝𝑝𝑝
(2)

= −[𝐿𝑥𝑥(𝜔)𝐿𝑥𝑥(𝜔1)𝐿𝑧𝑧(𝜔2) cos 𝛽 cos 𝛽1  sin 𝛽2]𝜒𝑥𝑥𝑧
(2)

    (5) 

                     −[𝐿𝑥𝑥(𝜔)𝐿𝑧𝑧(𝜔1)𝐿𝑥𝑥(𝜔2) cos 𝛽 sin 𝛽1 cos 𝛽2]𝜒𝑥𝑧𝑥
(2)

 

                     +[𝐿𝑧𝑧(𝜔)𝐿𝑥𝑥(𝜔1)𝐿𝑥𝑥(𝜔2) sin 𝛽 cos 𝛽1  cos 𝛽2]𝜒𝑧𝑥𝑥
(2)

 

                     +[𝐿𝑧𝑧(𝜔)𝐿𝑧𝑧(𝜔1)𝐿𝑧𝑧(𝜔2) sin 𝛽 sin 𝛽1 sin 𝛽2]𝜒𝑧𝑧𝑧
(2)

 

The L terms in the above equations are Fresnel coefficients, which relate the input/output 

beam fields to the SFG signal intensity. At an azimuthally isotropic interface, only four independent 


(2)

 elements (χijk) are nonzero: 

𝜒𝑥𝑥𝑧
(2)

= 𝜒𝑦𝑦𝑧
(2)

, 𝜒𝑥𝑧𝑥
(2)

= 𝜒𝑦𝑧𝑦
(2)

, 𝜒𝑧𝑥𝑥
(2)

= 𝜒𝑧𝑦𝑦
(2)

, 𝜒𝑧𝑧𝑧
(2)

     (6) 

Therefore, only selected polarizations measuring the corresponding tensor components lead to non-

zero signals in SFG experiments (as shown in Equations 6).
[17]

 

The SFG measured 
(2)

 components in the lab-fixed coordination system are the overall 

effects of related hyperpolarizability elements of all the molecules. For a particular vibrational mode 

of a functional group, 
(2) 

is correlated to the hyperpolarizability of all the molecules at the interface 

through molecular orientation, since hyperpolarizability is defined in the molecule-fixed coordination 

system while 
(2)

is measured in the lab-fixed coordination system. Such correlations also depend on 

the symmetry of the vibrational mode under study.  Here we will discuss the two commonly 

encountered functional groups in halide perovskite systems as examples for SFG orientation analysis: 
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(1) methyl group (-CH3) and (2) C=C bonds in thiophene ring. Figure 2 shows an illustration of the 

tilt angle and twist angle of a methyl group and a thiophene ring in a lab-fixed frame respectively 

The methyl group is the most widely studied functional group with SFG, and exists in halide 

perovskite systems, as well as in solution processed organic semiconducting molecules (e.g. poly-3-

hexylthiophene or P3HT, a HTL material
[23]

) used in perovskite solar cells. A methyl group is usually 

treated with a C3V symmetry (Figure 2a) when doing orientation analysis.  

For the symmetric C-H stretch of a methyl group with a C3v symmetry:
[20]

 

𝜒𝑥𝑥𝑧,𝑠
(2)

= 𝜒𝑦𝑦𝑧,𝑠
(2)

=
1

2
𝑁𝛽𝑐𝑐𝑐

(2)[(1 + 𝑟)〈cos 𝜃〉 − (1 − 𝑟)〈cos3 𝜃〉]    (7) 

𝜒𝑥𝑧𝑥,𝑠
(2)

= 𝜒𝑦𝑧𝑦,𝑠
(2)

= 𝜒𝑧𝑥𝑥,𝑠
(2)

=  𝜒𝑧𝑦𝑦,𝑠
(2)

=
1

2
𝑁𝛽𝑐𝑐𝑐

(2)
(1 − 𝑟)[〈cos 𝜃〉 − 〈cos3 𝜃〉]   (8) 

𝜒𝑧𝑧𝑧,𝑠
(2)

= 𝑁𝛽𝑐𝑐𝑐
(2)[𝑟〈cos 𝜃〉 + (1 − 𝑟)〈cos3 𝜃〉]     (9) 

For the asymmetric C-H stretch of C3v symmetry: 

𝜒𝑦𝑦𝑧,𝑎𝑠
(2)

= 𝜒𝑥𝑥𝑧,𝑎𝑠
(2)

= −
1

2
𝑁𝛽𝑐𝑎𝑎

(2) [〈cos 𝜃〉 − 〈cos3 𝜃〉]                (10) 

𝜒𝑧𝑥𝑥,𝑎𝑠
(2)

= 𝜒𝑧𝑦𝑦,𝑎𝑠
(2)

= 𝜒𝑦𝑧𝑦,𝑎𝑠
(2)

=  𝜒𝑥𝑧𝑥,𝑎𝑠
(2)

=
1

2
𝑁𝛽𝑎𝑐𝑎

(2) 〈cos3 𝜃〉               (11) 

𝜒𝑧𝑧𝑧,𝑎𝑠
(2)

= 𝑁𝛽𝑐𝑎𝑎
(2) [〈cos 𝜃〉 − 〈cos3 𝜃〉]                  (12) 

Here θ is the tilt angle, the angle between the surface normal and the main axis of the 

functional group (here the methyl group). “< >” means average. The twist angle ψ can be averaged 

out for C3v symmetry. In the above equations, as we discussed, different elements in the 
(2)

 tensor can 

be measured using SFG signals collected using different polarizations. Different elements in the 

hyperpolarizability (𝛽𝑎𝑏𝑐
(2)

 terms) can be deduced by calculating (or measuring) IR transition dipole 

and Raman polarizability. If the number of the molecules probed can be quantified (N in the above 

equations), then the orientation angle information can be obtained. Usually it is difficult to determine 

the value of N, therefore the ratios of the different 
(2)

 elements (N is canceled) are used for 

orientation analysis. Figure 2c displays the correlation between the measured |χ𝑦𝑦𝑧,𝑎𝑠/χzzz,as| ratio of 

the C3v asymmetric stretch and the orientation angle of the methyl group. Typically a delta or 

Gaussian orientation distribution is assumed. From this correlation and the experimentally measured 
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|χ𝑦𝑦𝑧,𝑎𝑠/χzzz,as| ratio, the methyl orientation can be deduced. Using similar strategies, correlations 

between various 
(2)

 component ratios and orientation angles of different functional groups can be 

deduced, which can be used to determine the orientation of such functional groups according to the 

experimentally measured ratios. Such orientation analysis will be used to study thiophene ring 

orientation which will be discussed in detail below.   

The thiophene ring, one of the most widely available functional groups in organic 

semiconductors, adopts a C2v symmetry (Figure 2b).
[6]

  For the thiophene ring, both tilt angle and 

twist angle are needed to describe the five-membered ring orientation. If we also assume that the twist 

angle is random and can be averaged, then for the symmetric stretch of C2v symmetry: 

𝜒𝑥𝑥𝑧,𝑠
(2)

= 𝜒𝑦𝑦𝑧,𝑠
(2)

=
1

4
𝑁 (𝛽𝑎𝑎𝑐

(2)
+ 𝛽𝑏𝑏𝑐

(2)
+ 𝛽𝑐𝑐𝑐

(2)
) 〈cos 𝜃〉    

+
1

4
𝑁 (𝛽𝑎𝑎𝑐

(2)
+ 𝛽𝑏𝑏𝑐

(2)
+ 𝛽𝑐𝑐𝑐

(2)
) 〈cos3 𝜃〉                     (13) 

𝜒𝑥𝑧𝑥,𝑠
(2)

= 𝜒𝑧𝑥𝑥,𝑠
(2)

= 𝜒𝑦𝑧𝑦,𝑠
(2)

=  𝜒𝑧𝑦𝑦,𝑠
(2)

               

= −
1

4
𝑁 (𝛽𝑎𝑎𝑐

(2)
+ 𝛽𝑏𝑏𝑐

(2)
− 2𝛽𝑐𝑐𝑐

(2)
) (〈cos 𝜃〉 − 〈cos3 𝜃〉)               (14) 

𝜒𝑧𝑧𝑧,𝑠
(2)

=
1

2
𝑁 (𝛽𝑎𝑎𝑐

(2)
+ 𝛽𝑏𝑏𝑐

(2)
) 〈cos 𝜃〉      

−
1

2
𝑁 (𝛽𝑎𝑎𝑐

(2)
+ 𝛽𝑏𝑏𝑐

(2)
− 2𝛽𝑐𝑐𝑐

(2)
) 〈cos3 𝜃〉                 (15) 

For the asymmetric stretch of C2v symmetry: 

𝜒𝑥𝑥𝑧,𝑎𝑠
(2)

= 𝜒𝑦𝑦𝑧,𝑎𝑠
(2)

= −
1

2
𝑁𝛽𝑎𝑐𝑎

(2) [〈cos 𝜃〉 − 〈cos3 𝜃〉]                (16) 

𝜒𝑥𝑧𝑥,𝑎𝑠
(2)

= 𝜒𝑧𝑥𝑥,𝑎𝑠
(2)

= 𝜒𝑦𝑧𝑦,𝑎𝑠
(2)

=  𝜒𝑧𝑦𝑦,𝑎𝑠
(2)

=
1

2
𝑁𝛽𝑎𝑐𝑎

(2) 〈cos3 𝜃〉               (17) 

𝜒𝑧𝑧𝑧,𝑎𝑠
(2)

= 𝑁𝛽𝑎𝑐𝑎
(2) [〈cos 𝜃〉 − 〈cos3 𝜃〉]                  (18) 

In summary, to probe the molecular structure of a buried interface, SFG spectral peak 

positions are used to determine the interfacial composition (presence of which functional group at the 

interface). From SFG spectra collected with different polarizations, we can determine the ratios of 

different 
(2)

 tensor elements. According to the symmetry of a functional group, we can know the 

correlation between the measured 
(2)

 tensor element ratios and the allowed functional group 
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orientations. The functional group interfacial orientation can then be deduced from such correlations 

and the measured ratios. Therefore SFG can probe the molecular structure of a buried interface in 

situ nondestructively with a sub-monolayer sensitivity. 

3. SFG Studies on Interfacial Structures of Halide Perovskite Devices 

Extensive halide perovskite characterization research has focused on the structure of halide 

perovskite, especially bulk crystallinities. As more understandings of halide perovskite materials are 

developed, the optimization of the structures of hole transporting materials (HTMs) and electron 

transporting materials (ETMs) becomes more important to further improve device performance. For 

organic HTMs and ETMs (e.g. P3HT, Spiro-OMeTad etc.), improving their bulk crystallinities is 

intrinsically difficult, and one should consider optimizing the interfacial structures between HTMs or 

ETMs and the halide perovskite layer based on in-depth understanding on such interfacial structures 

and related structure-property relationships.  

As discussed, SFG is a powerful technique that probes buried interfacial structures at the 

molecular level through examining vibrational modes of various functional groups (especially for 

organic materials). Many halide perovskite containing devices have incorporated various n-type and 

p-type organic semiconducting materials (e.g. P3HT, Spiro-OMETAD, PCBM, PTB7, etc.) which can 

be investigated using SFG. Recent advances in organic semiconductors related to perovskite 

photovoltaic devices using SFG will be discussed in this section. We hope that this discussion serves 

as a general introduction of the SFG applications in halide perovskite related research. 

3.1. Effect of Molecular Orientation at the HTL/Halide Perovskite Interface on Perovskite 

Photovoltaic Device PCE 

To the best of our knowledge, we published the first study that reported the interfacial 

molecular orientation in a perovskite photovoltaic device.
[6]

 We found a standing-up polythiophene 

(PT) backbone at the interface between PT (serving as HTM) and halide perovskite benefits the 

current density and hole transportation. Our results indicate that a device with a standing-up HTM 

molecular orientation at the HTM/perovskite interface showed a short-circuit current density (Jsc) of 

~19.97 mA/mc
2
, while a similar device with lying-down interfacial HTM molecules at the 
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HTM/perovskite interface showed a much lower Jsc of ~9.3 mA/mc
2
. Therefore, the overall device 

power conversion efficiency can be increased by over 100% when the interfacial molecular 

orientation of the HTM changed from a lying-down to a standing-up orientation. 
[6]

  

In more detail, the above halide perovskite photovoltaic devices were fabricated as following: 

TiOx serves as ETM, a halide perovskite serves as the photoactive layer, and PT derivatives serve as 

HTMs. PTs were carefully chosen to only have altered alkyl-side chain lengths. Four PT materials 

were studied: a) P3HT (with a 6-carbon side chain), P3OT (with an  

8-carbon side chain), P3DT (with a 10-carbon side chain) and P3DDT (with a 12-carbon side chain). 

We showed that the bandgaps of these different PTs are the same, independent of the side chain 

length. We further confirmed that these PTs have similar bulk structure/properties by measuring the 

bulk crystallinity with GIXRD and bulk charge carrier conductivity by space-charge limited currents 

(SCLC). However, the PCEs of the perovskite photovoltaic devices prepared with four PTs are 

markedly varied, which we believe was caused by varied interfacial structures between the perovskite 

layer and the PT HTL. SFG was then applied to examine buried interfacial structure between different 

PTs and halide perovskite in situ nondestructively.  

As discussed above, SFG can be used to probe a buried interfacial structure which can be 

accessed by the input laser beams in the SFG experiment. It is more challenging to probe the buried 

perovskite/PT interface in a real photovoltaic device. To model such an interface, we prepared the 

perovskite/PT interface in a three-layered sample (perovskite/PT/poly(methyl methacrylate) (PMMA)) 

with the same procedure as that of the real device. SFG spectra from C=C stretching in the thiophene 

ring (C2v symmetry) were collected from the three-layered samples using different polarization 

combinations (Figure 3). Spectra collected contain signal contributions from PT at the perovskite/PT 

and PT/PMMA interfaces, from which the SFG signals from the perovskite/PT interface can be 

deconvoluted by measuring SFG spectra of PT films with different thicknesses. 
[6]  

The method to deconvolute SFG signals contributed from a particular interface from SFG 

signals collected from a sample containing two interfaces has been well developed and will be 
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presented here briefly.  Figure 4 shows the SFG signal collected from buried interfaces A and B.
[18] 

Using the ssp SFG signal as an example, we have: 

 

𝜒𝑒𝑓𝑓,𝑠𝑠𝑝
(2)

= 𝐿𝑦𝑦
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝐴(𝜔) 𝐿𝑦𝑦

𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝐴(𝜔1) 𝐿𝑧𝑧
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝐴(𝜔2) sin 𝛽2  𝜒𝑦𝑦𝑧

𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝐴
 

+ 𝐿𝑦𝑦
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝐵(𝜔) 𝐿𝑦𝑦

𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝐵(𝜔1) 𝐿𝑧𝑧
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝐵(𝜔2) sin 𝛽2  𝜒𝑦𝑦𝑧

𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝐵
   (20) 

+ 𝜒𝑁𝑅 𝑒𝑖 𝜑𝑠𝑠𝑝 

Based on the thickness of the sample layer 2 (PT in our study) and the refractive indices of 

various layers, the overall Fresnel coefficients (Lii (i=x, y, or z) terms) are deduced. According to the 

measured overall SFG signal, 𝜒𝑦𝑦𝑧
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝐵

 can be determined. Using different 
(2)

 elements obtained 

from SFG signals collected using different polarization combinations, the PT thiophene orientation at 

the buried interface between PT and perovskite can be determined.  

Figures 5a shows an example of the deconvoluted ssp SFG spectra contributed from the 

buried interfaces of a 100 nm P3DDT film. Other SFG spectra shown in Figure 3 can also be 

analyzed using the same method to obtain signal contributions from each buried interface of various 

PT derivatives. Figure 5b shows the measured SFG χyyz/ χyzy ratios for the PT ring C=C stretching 

mode at the PT/perovskite interface deduced from the deconvoluted ssp and sps SFG spectra. Since 

the dipole moment of the C=C stretching mode is more or less perpendicular to the thiophene ring, it 

is clear, from Figure 5b, that a PT with shorter alkyl-side chain stands up at the interface, and a PT 

with a long alkyl-side chain lies down at the interface. The tilt angles of PTs with intermediate side 

chain lengths are between the standing-up and lying-down cases. We fabricated perovskite 

photovoltaic devices using the PTs of different side chain lengths as HTMs and measured their PCEs. 

Correlating the interfacial PT orientation to the photovoltaic device performance, we found that a 

standing-up PT backbone orientation at the PT/perovskite interface is a benefit to the overall 

interfacial hole extraction via improved hole/electron separation at the interface (Figure 6a), leading 

to a high conversion efficiency (P3HT: 9.64%). In contrast, a lying-down interfacial PT chain at the 

buried interface is likely to cause hole/electron recombination due to overlapping of HOMO/LUMO 
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orbitals of the halide perovskite layer and HTMs, leading to a low conversion efficiency (P3DDT: 

3.91%) (Figure 6b). The orientations of the PTs with intermediate side chain lengths (P3OT and 

P3DT) were measured to be between P3HT and P3DDT; their perovskite photovoltaic devices’ PCEs 

were also in between, at 6.86% and 6.64% respectively.
[6]

  

Building on our discovery that a standing-up PT orientation at the HTM/perovskite interface 

benefits interfacial hole extraction, Zhang and coworkers successfully designed a novel polythiophene 

based HTM copolymer, dithiophene-benzene (DTB, Figure 7a, inset), and their group believes that 

the DTB molecular backbone can adopt a standing-up pose at the HTM/perovskite interface.
[19]

 The 

performance of the perovskite photovoltaic device using this designed PT based HTM was excellent, 

as shown in Figure 7. Its PCE was measured to be 19.68%, which is the highest value for mesoporous 

perovskite solar cell devices based on dopant-free polymer HTMs reported.
[19]

 Such an inspiring 

follow-up finding further emphasizes the importance of interfacial molecular orientation for a halide 

perovskite device’s overall performance. It also validated the significance of SFG results obtained 

from interfacial studies involving perovskite, showing that the use of SFG can guide researchers 

working with perovskite materials and devices to improve performance.     

3.2. Effect of Interfacial Orientation of Small Molecules at the HTL/Halide Perovskite Interface 

on Solar Cell Power Conversion Efficiency 

Another exciting work using SFG to study perovskite photovoltaic devices was published in 

late 2018 by Magomedov and co-workers.
[24]

 In this research, SFG was used to characterize self-

assembled monolayers (SAMs) with mixed compositions at the buried HTM/perovskite interface. It 

was found that a mixed SAM at the HTM/perovskite interface is more disordered, while photovoltaic 

devices fabricated with disordered SAMs have higher open circuit voltages (Voc), and ultimately 

higher overall PCEs.
[24]

  

Polymeric materials (P3HT, PTAAs, PEDOT:PSS etc.) and inorganic metal oxides have been 

commonly used as HTMs. Magomedov et al. developed novel mixed composition SAM molecules 

(V1036, C4) to functionalize ITO surfaces.
[24]

 They carefully compared the  pure V1036 surface, 

mixed V1036:C4 surface, and pure C4 surface to analyze the SAM surface for structural differences.  
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Solar cells with different SAM compositions were constructed and the device performance was 

measured. Molecular formulas of V1036 and C4 molecules are shown in Figures 8C and 8D and can 

be found in the original paper. Examining the molecular formula for V1036, it is clear that the C-N 

stretch and the C=C symmetric stretch in its aromatic ring system, and the -OCH3 (methoxy) groups 

on its alkyl side chain should be detectable with SFG. From the C4 molecular formula, -CH2 

(methylene) groups and -CH3 (methyl) groups can be detected with SFG. Using FTIR absorbance, the 

authors assigned the peaks for C-N stretch at ~1200 cm
-1

, C=C stretch at ~1500 cm
-1

. They did not 

focus on the studies of -CH3 and -CH2 symmetric/asymmetric stretching modes between ~2800 cm
-1

 

and 3000 cm
-1

, possibly due to the potential peak overlaps between V1036 and C4. Figures 8A and 

8B show that distinct SFG signals can be observed from the pure V1036 SAM surface, including 

signals from both the C-N stretch at ~1237 cm
-1

 and the C=C stretch at ~1488 cm
-1

. However, such 

signals were not observed on the mixed V1036:C4 surface. As indicated above, SFG signal is 

influenced by the number of interfacial molecules probed (value N in equations (7) – (18)) and their 

molecular orientation. The surface coverages of V1036 on the SAM surfaces were measured via IR 

absorbance intensity to confirm SAM molecules were at the interface. Therefore the absence of the 

SFG signals is because either the mixed SAM molecules at the interface are disordered or lie down. 

The conclusion was that a mixed composition SAM surface could lead to a more disordered structure 

(random orientation) compared to a single composition SAM surface. Photovoltaic devices were 

constructed with perovskite and SAMs with various compositions ranging from 5% V1036+95% C4 

to 100% V1036 and the J-V characteristics were measured. Results from these measurements showed 

that devices with the most mixed SAM surfaces (excluding the 5% V1036 case) have higher overall 

PCEs compared to that prepared with the pure V1036. This indicates that a more disordered small 

molecule orientation at the HTM/perovskite interface is preferred for better overall PCEs for 

perovskite solar cells.
[24] 

We think that Magomedov et al.’s finding on the effect of disordered small 

molecules at the HTM/perovskite interface is exciting.  

3.3. SFG Studies on Other Important Semiconducting Materials Used in Perovskite 

Photovoltaic Devices 
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Besides SFG studies on interfaces in perovskite photovoltaic devices, SFG research is 

actively investigating interfacial molecular behavior of semiconducting materials which are 

commonly used in perovskite photovoltaic devices. For example, Xiao et al. showed that different 

solvents used to prepare thin films of solvent processable organic semiconducting materials led to 

different molecular structures of the film at both the surface and buried interface.
[25]

 Variation of the 

solvent composition is a common approach used to prepare thin films in perovskite photovoltaic 

devices to optimize the device performance. 
 
 

Sohrabpour and coworkers demonstrated that SFG spectra collected from C60 can be 

interfered by surface charge on dielectric layers.
[26]

 For the same materials used, different dielectric 

substrates used in semiconducting devices may cause the SFG spectrum of C60 to differ. C60 is also 

widely used in halide perovskite photovoltaic applications as an ETM. From this work, SFG 

demonstrated its ability to study C60s used as ETLs in halide perovskite devices.  

Dhar et al. discovered that annealing polymeric semiconducting materials could induce 

changes of the buried interfacial structure.
[27]

 Thermal annealing is one of the most commonly used 

methods to enhance surface contacts and influences the overall device performance in perovskite 

photovoltaic applications. Dhar and coworkers’ results suggest that the enhancement of “interfacial 

contact” may actually lead to the interfacial orientation change of polymeric materials.
[27]

 In 

perovskite solar cells, such buried interfacial orientation changes could result in variation of the 

overall device PCE.  

As discussed in section 3.2 above, buried interfacial SAM structure can be used to help 

optimize the overall device performance. Anglin et al.’s work suggests that different SAMs may 

simultaneously influence the interfacial structures of the materials in contact with the SAM surface.
[28]

 

This will further lead to different device performances. Anglin et al. reported that the same 

semiconducting material may adopt diverse interfacial orientations at various buried dielectric 

material interfaces due to different interfacial interactions.
[28]

 This will lead to drastic differences in 

overall hole transporting abilities.  
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The above SFG results clearly demonstrate that solvent composition, sample preparation 

methods such as annealing, and substrate dielectric materials can be systematically varied to gain 

general knowledge on molecular buried interfacial structures. Such knowledge is important for the 

design and optimization of interfacial structures in perovskite devices to improve device performance. 

We believe that more and more important SFG research on buried interfaces in perovskite related 

materials and devices will be performed in the future. 

4. Summary and Outlook 

It is important to examine the buried interfacial structures of halide perovskite solar cells in 

situ and at the molecular level with monolayer sensitivity. It is difficult for the current widely used 

analytical techniques in perovskite research to do so. SFG probes surfaces and interfaces with sub-

monolayer sensitivity, and provides vibrational spectra of buried solid/solid interfaces in situ 

nondestructively. From these spectra, molecular structure information (e.g., interfacial presence and 

orientation of various functional groups) can be obtained.  

SFG has been applied to study buried interfaces between perovskite and PT HTLs. It was 

found that the PT orientation at the buried perovskite/HTL interface can be varied through PT side 

chains of different lengths. A standing-up interfacial PT backbone leads to a high conversion 

efficiency of perovskite solar cells. This result provided important knowledge to design HTL 

materials for a better quality perovskite solar cell, with a high conversion efficiency of 19.68%. SFG 

studies also indicated that disordered orientation of small SAM molecules at the perovskite/HTM 

interface leads to high conversion efficiency in perovskite solar cells. These SFG studies further 

demonstrate the significance of using SFG to study interfaces within halide perovskite devices, which 

can provide vital knowledge to guide material design for building halide perovskite devices with 

improved performance. More SFG studies on perovskite materials at buried ETM and HTM interfaces 

should be performed to understand how various ETM and HTM layers impact interfacial perovskite 

materials and further influence perovskite solar cell PCEs. To avoid confusion of signal contributions 

from ETM and HTM layers, deuterated ETL/HTL materials/polymers may need to be used.  
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It is necessary to mention that interfacial orientation or ordering is not the only factor which 

dictates the perovskite photovoltaic performance. Many other factors besides interfacial orientation 

(e.g., interfacial defects and ionization potentials) can profoundly influence the perovskite 

photovoltaic performance. Such factors may or may not be connected to the interfacial orientation or 

ordering. More detailed and systematic studies in the future on various factors at the interface will 

give us a more completed picture to understand the interfacial structure-function relationships of 

perovskite photovoltaics.    

It is also worth mentioning that in order to apply SFG to elucidate molecular structure of a 

buried interface, the two input laser beams need to reach the buried interface. This may not be always 

possible, especially for thick opaque samples. We have developed a “milling down” approach to 

polish the sample to about 1 micron above the interface in a thick sample.
[29]

 The input beams can 

then penetrate through the top 1 micro layer to probe the buried interface. This method can also be 

applied to study buried interfaces of thick multi-layered films to study different interfaces between 

various layers.
[29]

      

We wish that this article introduces and motivates the halide perovskite research community 

to use the powerful SFG technique. We also hope that it will open up room for more discussion and 

collaboration between SFG analytical scientists, halide perovskite material/device scientists, and 

organic synthetic chemists. By fully understanding different interfaces of a halide perovskite device, 

we then can rationally design and develop interfaces in halide perovskite photovoltaic devices to 

improve the overall device performance. 
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Figure 1 (a) SFG signal generation, (b) SFG energy level diagram. 
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Figure 2 Tilt angle θ and twist angle ψ of (a) a methyl group and (b) a thiophene ring in the lab-fixed 

frame. (c) |χ𝑦𝑦𝑧,𝑎𝑠/χzzz,as| plot of C3v asymmetric stretch (e.g. for a methyl group) with a delta 

distribution. 
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Figure 3 SFG ssp spectra collected from a PT thin film sandwiched between PMMA and perovskite: 

(a) P3HT, (b) P3OT, (c) P3DT, and (d) P3DDT; SFG sps spectra collected from the same samples: (e) 

P3HT, (f) P3OT, (g) P3DT and (h) P3DDT. Reproduced with permission.[6] Copyright 2017, 

American Chemical Society. 
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Figure 4 SFG signal from a buried interface in a multi-layered sample.  

 

 
 

Figure 5 (a) Reconstructed ssp spectra, including the overall detected spectrum and the deconvoluted 

spectra for interfaces I and II for P3DDT film of 100 nm. (b) χyyz/χyzy ratio as a function of the tilt 

angle of the net transition dipole of the thiophene ring C=C stretch (with respect to the surface 

normal) adopted from ref 
[6]

. Adapted with permission.[6] Copyright 2017, American Chemical 

Society. 
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Figure 6 Illustration of hole extraction ability of (a) PTs with shorter alkyl sidechain and (b) PTs with 

longer alkyl sidechain at the HTL/perovskite interface. Reproduced with permission.[6] Copyright 

2017, American Chemical Society. 
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Figure 7 a) J-V characteristics with DTB molecular formula in the inset; b) stabilized power outputs 

at the maximum power point; c) external quantum efficiency (EQE) charts; and d) evolution of PECs 

in air for the solar cell devices. Adapted with permission.[15] Copyright 2018, Wiley. 
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Figure 8 A) and B): SFG spectra in different frequency ranges collected from monolayers on Si/ITO 

substrate prepared from (a) 1 mM solution of V1036, (b) 1 mM of mixed solution V1036:C4 (1:9), 

and (c) 1 mM solution of C4. C) and D): Molecular formulas for V1036 and C4.  Adapted with 

permission.[24] Copyright 2018, Wiley. 
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TOC Figure 

 

  

 

 

 

 

 

 

TOC Text 

Sum frequency generation vibrational spectroscopy, a state-of-the-art nonlinear vibrational 

spectroscopy, has been applied to elucidate molecular structure at buried halide perovskite 

interfaces in situ nondestructively with sub-monolayer sensitivity. Molecular interfacial structures 

between different layers play an increasingly important, sometimes vital role in determining the 

overall performance in a halide perovskite device. 

 

  

 

 

 


