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Abstract

We study the circular photogalvanic effect in the organometal halide perovskite solar cell absorber 

CH3NH3PbI3. The calculated photocurrent density for a system with broken inversion symmetry is 

about 10−9 A/W, comparable to the previously studied quantum well and bulk Rashba systems. 

The circular photogalvanic effect relies on inversion symmetry breaking, so that by tuning the 

optical penetration depth, the degree of inversion symmetry breaking can be probed at different 

depths from the sample surface. We propose that measurements of this effect may clarify the 

presence or absence of inversion symmetry, which remains a controversial issue and has been 

argued to play an important role in the high conversion efficiency of this material.

Organometal halide perovskites are emerging thin-film photovoltaic materials which can be 

fabricated with solution methods and exhibit remarkable power conversion efficiency. Both 

ABX3 (A: CH3NH3, HC(NH2)2; B: Pb, Sn; X: Cl, Br, I) and their hybrids have exceptional 

photovoltaic performance and also show promise as LEDs, lasers and X-ray detectors.1–3 In 

spite of the rapid progress in the power conversion efficiency, reaching more than 20 % since 

its first application in 2009, a basic question about the crystal structure persists regarding the 

presence or absence of inversion symmetry. This question is especially important in light of 

theoretical works which propose that inversion asymmetry inhibits recombination and 

therefore plays an important role in the high efficiency of these materials.4–6 Stoumpos et al. 
proposed that the crystal belongs to the noncentrosymmetric I4cm space group with a 

ferroelectric distortion and octahedra rotation.7 First-principles calculations suggest that a 

ferroelectric distortion could be stable.4,8,9 In addition, Rashba spin-splitting of the 

electronic band structure due to inversion symmetry breaking was observed in angle 

resolved photoemission (ARPES) measurements.10 However, there is also a significant body 

of work which indicates that the material is centrosymmetric. The hysteretic current-voltage 

behavior has been ascribed to charge trapping at the surface and ionic migration under 

applied bias.11–15 The crystal structure has been assigned to the centrosymmetric I4/mcm 
space group16–18 and centrosymmetry was assumed to explain the observed temperature-

dependent spin dynamics.19

The magnitude of inversion symmetry breaking generically differs between the surface and 

bulk regions; indeed, inversion symmetry is always strongly broken at surfaces. The 

distinction between bulk and surface inversion symmetry properties has important 
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consequences for the interpretation of surface sensitive experimental techniques, such as 

ARPES. Signatures of inversion symmetry breaking, such as Rashba splitting of the energy 

bands observed in ARPES, may be specific to the surface and may not be present in the 

bulk10.

In this paper, we propose that the circular photogalvanic effect offers a route to determining 

the degree of inversion symmetry breaking at the surface and in the bulk separately. The 

magnitude of the circular photogalvanic effect is parameterized by the response function χ, 

which relates the induced charge current density to the electric field intensity of the 

incoming circularly polarized light. χ is nonzero only in materials which lack inversion 

symmetry. Fig. 1 (a) shows the cartoon of the circular photogalvanic effect measurement 

setup in which circularly polarized light induces a photocurrent J.

Circularly polarized light with different energies ħωand absorption coefficients α(ω) probes 

different depths away from the surface. One can therefore distinguish between the circular 

photogalvanic response (or, the degree of inversion symmetry) at the surface versus the bulk 

by evaluating the energy dependence of the photocurrent J(ω). Fig. 1 (b) shows a schematic 

in which inversion symmetry is broken only over a distance L from the sample surface. In 

this case, the circular photogalvanic current is only generated over the thickness L from the 

surface and the photocurrent J(ω) is proportional to χ(ω) (1 − e−α(ω)L). The energy-

dependence of J(ω) is determined by the energy dependence of α(ω) convoluted with the 

intrinsic energy dependence of the circular photogalvanic response function χ(ω). A 

measurement of J(ω) can therefore determine the spatial dependence of centrosymmetry 

only given a priori knowledge of the energy dependence of the absorption α(ω) and the 

response function χ(ω).

Motivated by these considerations, we report a first-principles density functional theory 

study on the energy dependent circular photogalvanic effect, focusing on 

noncentrosymmetric tetragonal CH3NH3PbI3. The absence of inversion symmetry, together 

with the strong spin-orbit coupling in the heavy element Pb, leads to the Rashba-type band 

splitting as depicted in Fig. 2 (a). The conduction band states near the Fermi level are 

derived from the p orbital of Pb (with orbital angular momentum L = 1). Due to the spin-

orbit coupling, the bands are labeled by total angular momentum J = L + S, and the 

conduction band consists of the split-off J = 1/2 states.20,21 For the valence bands, the states 

are composed of the anti-bonding Pb s orbital and I p orbital, forming a singlet s-orbital 

symmetry. This leads to a Rashba-type splitting in S = 1/2 space with spin-orbit coupling.

In these Rashba-type bands, the valence band S and conduction band J have a preferred 

orientation perpendicular to both the momentum and the inversion symmetry breaking 

direction.22 Because of angular momentum selection rules, optical transitions between 

conduction and valence energy states respond differently to light with different circular 

polarization direction. The asymmetric distribution of excited charge carriers leads to a 

photocurrent in the absence of an external bias. For a Rashba model, the photocurrent 

direction is normal to the plane formed by the light angular momentum and the bulk 

symmetry breaking direction.23 A characteristic feature of circular photogalvanic effect is 
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that incident light with right and left circular polarization will lead to photocurrents flowing 

along opposite directions.

Figs. 2 (b) and (c) show the optical transition amplitudes versus wave vector for right and 

left circularly polarized light. The transitions exhibit strong k dependence and energy states 

with kx > 0 (< 0) make more contribution to the photocurrent for right (left) circularly 

polarized light. Moreover, the transition at k for right circular polarization is equal to that at 

−k for left circular polarization, indicating the characteristic dependence of photocurrent on 

circular polarization. This effect has been observed in bulk Te, GaAs and InAs quantum 

wells as well as bulk GaAs subjected to an external magnetic field.23–26 It was also used to 

demonstrate the Rashba spin splitting in GaN-based heterostructures and to detect the lattice 

polarity of InN.27,28 Recently this effect was observed in bulk Rashba system BiTeBr and 

theoretical studies have been reported on an ultrathin film of topological insulators and on 

graphene deposited on heavy-element substrates.29–31

Because the spin-orbit coupling effect is dominated by the heavy element Pb, the molecular 

orientation and the ensuing distortion of PbI6 octahedron plays an important role in 

determining the symmetry breaking.32 We study a system with all molecules initially 

arranged along ẑ direction to obtain a larger inversion symmetry breaking. The density 

functional theory calculations are carried out using local density approximation in the form 

of norm-conserving pseudopotentials as implemented in Quantum-ESPRESSO33. Technical 

details of the DFT calculations are found in Ref. 34. To remedy the underestimation of the 

energy gap in local density approximation, the calculated curve has been rigidly shifted to 

match an experimental energy gap of 1.5 eV. The tetragonal lattice structure we consider is 

noncentrosymmetric and exhibits ferroelectricity. The polarization is calculated to be 10.7 

μC/cm2 using Berry phase approach.

By considering the response of the system to a monochromatic electric field of frequency ω

(1)

we solve semiconductor optical Bloch equations perturbatively to first order in the field 

intensity35 and derive the photocurrent generation rate J̇ given by

(2)

where

(3)
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In Eq. 3,  is the velocity operator matrix element between 

conduction and valence band states, , and ωcv(k) = (Eck − 

Evk)/ħ. ψc(v) (k) represents the wave function of conduction (valence) band with energy 

Ec(v)k. The superscripts i, l and m indicate Cartesian components and summation over 

repeated indices is implied. We first calculate the energies and momentum matrix elements 

on a coarse grid in momentum space and employ Wannier interpolation technique36–38 to 

evaluate the photocurrent response (Eq. 3) on a fine grid of 100 × 100 × 75 k-points. This 

method has been applied in the study of optically injected spin current.34

Since the system under study assumes inversion symmetry breaking along ẑ direction, the 

spin orientation is confined in the x̂–ŷ plane as expected from the Rashba model. Neglecting 

reflection from the surface, we find the largest response corresponds to the circularly 

polarized light incident along the ŷ direction (incidence angle θ = 90°, see Fig. 1) with 

electric field  where + and − correspond to right and left circular 

polarization, respectively. In the momentum relaxation time approximation under direct 

optical transitions we have jx = J̇xτ.23 We assume the momentum relaxation time τ = 1 fs for 

both electrons and holes. Fig. 3 (a) depicts the calculated ratio of photocurrent density jx to 

radiation power P as a function of photon energy ħω and clearly shows the switching of 

photocurrent direction upon the circular polarization reversal, a characteristic feature of the 

circular photogalvanic effect. The peak value is about 0.6 × 10−8 A/W, which is comparable 

with the previously reported photocurrents in n-InAs and p-GaAs quantum wells23 and bulk 

Rashba semiconductor BiTeBr39.

We next calculate the absorption coefficient as a function of the incident photon energy ħω 
as depicted in Fig. 3 (b). The calculated absorption coefficient is comparable to the 

experimental value,40 and to the value obtained in other density functional theory 

studies.41,42 Fig. 3 (b) indicates that the absorption depth goes from 1000 nm for photon 

energies near the band gap, to 50 nm at 3 eV. The surface and bulk dominate the 

photocurrent for large and small photon energies, respectively. As discussed in the 

introduction, this enables a systematic study of the inversion asymmetry at different depths 

away from the surface.

For the depth-dependent circular photogalvanic response, the current versus optical 

frequency varies as:

(4)

In the above, the z-dependence of χ is derived from the spatial variation of the inversion 

symmetry breaking. We consider a model in which inversion symmetry is assumed to be 

uniformly broken over a length L from the surface (see Fig. 1 (b)): χ (ω, z) = χ (ω) θ (z + 

L) for z < 0, where θ (x) is the Heaviside step function. In this case a photocurrent is 

generated if the absorption occurs within a length scale of L. For metals, L is only a few 

atomic layers43, but in semiconductors, L can be as large as the depletion width.
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To illustrate how the photocurrent response varies with the symmetry breaking length L, in 

Fig. 4 we show the normalized photocurrent density jx/P (see Fig. 3 (a)) scaled by the factor 

1 − e−α(ω)L for L varying from 1 nm to 1 μm. As expected, a smaller inversion asymmetric 

region L suppresses the photogalvanic current, especially at lower photon energies which 

probe further from the surface. As shown in the inset, the photocurrent density for photon 

energy of 1.7 eV varies monotonically with L, and measurements which vary the angle and 

energy of the incident beam can be used to estimate L experimentally. The growth of mm-

sized single crystals of CH3NH3PbI3 makes it possible to observe the intrinsic bulk and 

surface inversion symmetry.44,45 In polycrystalline samples, grain boundaries may break 

inversion symmetry locally, and could therefore contribute to the circular photogalvanic 

effect. However, if the optical spot size is much greater than the grain size, there should be 

substantial cancellation between the circular photogalvanic effect arising from grain 

boundaries with different orientations, so that on average their contribution would be 

negligible. On the other hand, for grain sizes similar to (or larger than) the spot size, the 

circular pho-togalvanic effect arising from individual grain boundaries may be present and 

could serve as a useful probe of the symmetry properties of the material near grain 

boundaries.

In order to observe photocurrent response when the inversion symmetry breaking is due to 

the sample surface (as shown in Fig. 1), oblique incidence (θ ≠ 0) is required. If the x̂–ŷ 
plane is isotropic and inversion symmetric, then normally incident light (θ = 0) leads to the 

cancellation for the photocurrent contributions at k and −k and therefore, zero net 

photocurrent. We estimate the photocurrent response reaches its maximum at θ ≈ 45°.23 

However, lattice distortion transverse to the surface normal may be present. McLeod et al. 
found that perovskite thin films made by the one-step deposition method exhibit angle-

dependent features in X-ray absorption spectroscopy measurements, indicating long-range 

alignment of the dipolar CH3NH3 molecules parallel to the surface.46 In this case, the 

photocurrent response can be detected with a nonzero photocurrent response for θ = 0.

As referenced in the introduction, inversion symmetry breaking could play an important role 

in the properties of photovoltaic materials. In the case where the bulk is inversion 

symmetric, the presence of inversion asymmetry at the surface may nevertheless be useful. 

In Ref. 34, we showed that the Rashba splitting associated with broken inversion symmetry 

leads to spin accumulation in illuminated samples due to the Edelstein effect. The spin 

direction is oriented perpendicular to the symmetry breaking direction and carrier velocity. 

Measuring the spin density could therefore indicate the velocity direction of carriers, which 

could in turn help elucidate the role of grain boundaries and other defects on charge 

transport.

In summary, we report on first-principles density functional study on the optical generation 

of photocurrent with circularly polarized light in the organometal halide perovskite 

CH3NH3PbI3. We found that the photocurrent response is comparable with that of 

previously studied quantum well and bulk Rashba systems. We propose that the circular 

pho-togalvanic effect would be useful in determining the degree of inversion symmetry 

breaking near the sample surface and in the bulk.

Li and Haney Page 5

Appl Phys Lett. Author manuscript; available in PMC 2017 November 01.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



Acknowledgments

J. L. acknowledges support under the Cooperative Research Agreement between the University of Maryland and the 
National Institute of Standards and Technology Center for Nanoscale Science and Technology, Award 
70NANB10H193, through the University of Maryland.

References

1. Tan ZK, Moghaddam RS, Lai ML, Docampo P, Higler R, Deschler F, Price M, Sadhanala A, Pazos 
LM, Credgington D, et al. Nat Nanotechnol. 2014; 9:687. [PubMed: 25086602] 

2. Xing G, Mathews N, Lim SS, Yantara N, Liu X, Sabba D, Grätzel M, Mhaisalkar S, Sum TC. Nat 
Mater. 2014; 13:476. [PubMed: 24633346] 

3. Yakunin S, Sytnyk M, Kriegner D, Shrestha S, Richter M, Matt GJ, Azimi H, Brabec CJ, Stangl J, 
Kovalenko MV, Heiss W. Nat Photonics. 2015; 9:444.

4. Zheng F, Tan LZ, Liu S, Rappe AM. Nano Lett. 2015; 15:7794. [PubMed: 26461166] 

5. Motta C, El-Mellouhi F, Kais S, Tabet N, Alharbi F, Sanvito S. Nat Commun. 2015; 6:7026. 
[PubMed: 25912782] 

6. Azarhoosh P, Frost JM, McKechnie S, Walsh A, van Schilfgaarde M. 2016 arXiv:1604.04500. 

7. Stoumpos CC, Malliakas CD, Kanatzidis MG. Inorg Chem. 2013; 52:9019. [PubMed: 23834108] 

8. Frost JM, Butler KT, Brivio F, Hendon CH, Van Schilfgaarde M, Walsh A. Nano Lett. 2014; 
14:2584. [PubMed: 24684284] 

9. Amat A, Mosconi E, Ronca E, Quarti C, Umari P, Nazeeruddin MK, Gratzel M, De Angelis F. Nano 
Lett. 2014; 14:3608. [PubMed: 24797342] 

10. Niesner D, Wilhelm M, Levchuk I, Osvet A, Shrestha S, Batentschuk M, Brabec C, Fauster T. 2016 
arXiv:1606.05867. 

11. Beilsten-Edmands J, Eperon G, Johnson R, Snaith H, Radaelli P. Appl Phys Lett. 2015; 
106:173502.

12. Tress W, Marinova N, Moehl T, Zakeeruddin S, Nazeeruddin MK, Grätzel M. Energy Environ Sci. 
2015; 8:995.

13. Meloni S, Moehl T, Tress W, Franckevičius M, Saliba M, Lee YH, Gao P, Nazeeruddin MK, 
Zakeeruddin SM, Rothlisberger U, et al. Nat Commun. 2016; 7:10334. [PubMed: 26852685] 

14. Li C, Tscheuschner S, Paulus F, Hopkinson PE, Kieling J, Khler A, Vaynzof Y, Huettner S. Adv 
Mater. 2016; 28:2446. [PubMed: 26823239] 

15. Chen B, Yang M, Priya S, Zhu K. J Phys Chem Lett. 2016; 7:905. [PubMed: 26886052] 

16. Poglitsch A, Weber D. J Chem Phys. 1987; 87:6373.

17. Kawamura Y, Mashiyama H, Hasebe K. J Phys Soc Japan. 2002; 71:1694.

18. Weller MT, Weber OJ, Henry PF, Di Pumpo AM, Hansen TC. Chem Commun. 2015; 51:4180.

19. Giovanni D, Ma H, Chua J, Grtzel M, Ramesh R, Mhaisalkar S, Mathews N, Sum TC. Nano Lett. 
2015; 15:1553. [PubMed: 25646561] 

20. Jin H, Im J, Freeman AJ. Phys Rev B. 2012; 86:121102.

21. Kim M, Im J, Freeman AJ, Ihm J, Jin H. Proc Natl Acad Sci U S A. 2014; 111:6900. [PubMed: 
24785294] 

22. Even J, Pedesseau L, Jancu J-M, Katan C. Phys Status Solidi RRL. 2014; 8:31.

23. Ganichev SD, Prettl W. J Phys: Condens Matter. 2003; 15:R935.

24. Asnin V, Bakun A, Danishevskii A, Ivchenko E, Pikus G, Rogachev A. JETP Lett. 1978; 28:74.

25. Ganichev S, Ivchenko E, Danilov S, Eroms J, Wegscheider W, Weiss D, Prettl W. Phys Rev Lett. 
2001; 86:4358. [PubMed: 11328174] 

26. Ivchenko, EL.; Pikus, G. Superlattices and Other Heterostructures: Symmetry and Optical 
Phenomena. Vol. 110. Springer Science & Business Media; 2012. 

27. Weber W, Ganichev S, Kvon Z, Belkov V, Golub L, Danilov S, Weiss D, Prettl W, Cho H-I. Appl 
Phys Lett. 2005; 87:262106.

Li and Haney Page 6

Appl Phys Lett. Author manuscript; available in PMC 2017 November 01.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



28. Zhang Q, Wang X, He X, Yin C, Xu F, Shen B, Chen Y, Wang Z, Ishitani Y, Yoshikawa A. Appl 
Phys Lett. 2009; 95:031902.

29. Ogawa N, Bahramy MS, Kaneko Y, Tokura Y. Phys Rev B. 2014; 90:125122.

30. Wu QS, Zhang SN, Fang Z, Dai X. Physica E Low Dimens Syst Nanostruct. 2012; 44:895.

31. Inglot M, Dugaev V, Sherman EY, Barnaś J. Phys Rev B. 2015; 91:195428.

32. Quarti C, Mosconi E, De Angelis F. Chem Mater. 2014; 26:6557.

33. Giannozzi P, Baroni S, Bonini N, Calandra M, Car R, Cavazzoni C, Ceresoli D, Chiarotti GL, 
Cococcioni M, Dabo I, Corso AD, de Gironcoli S, Fabris S, Fratesi G, Gebauer R, Gerstmann U, 
Gougoussis C, Kokalj A, Lazzeri M, Martin-Samos L, Marzari N, Mauri F, Mazzarello R, Paolini 
S, Pasquarello A, Paulatto L, Sbrac-cia C, Scandolo S, Sclauzero G, Seitsonen AP, Smogunov A, 
Umari P, Wentzcovitch RM. J Phys: Condens Matter. 2009; 21:395502. [PubMed: 21832390] 

34. Li J, Haney PM. Phys Rev B. 2016; 93:155432. [PubMed: 27453958] 

35. Schäfer, W.; Wegener, M. Semiconductor Optics and Transport Phenomena. Springer Science & 
Business Media; 2002. 

36. Giustino F, Cohen ML, Louie SG. Phys Rev B. 2007; 76:165108.

37. Yates JR, Wang X, Vanderbilt D, Souza I. Phys Rev B. 2007; 75:195121.

38. Marzari N, Mostofi AA, Yates JR, Souza I, Vanderbilt D. Rev Mod Phys. 2012; 84:1419.

39. Ogawa N, Bahramy M, Kaneko Y, Tokura Y. Phys Rev B. 2014; 90:125122.

40. De Wolf S, Holovsky J, Moon S-J, Loper P, Niesen B, Ledinsky M, Haug F-J, Yum J-H, Ballif C. J 
Phys Chem Lett. 2014; 5:1035. [PubMed: 26270984] 

41. Wang Y, Zhang Y, Zhang P, Zhang W. Phys Chem Chem Phys. 2015; 17:11516. [PubMed: 
25855411] 

42. Umari P, Mosconi E, De Angelis F. Sci Rep. 2014; 4:4467. [PubMed: 24667758] 

43. Haney PM, Lee H-W, Lee K-J, Manchon A, Stiles M. Phys Rev B. 2013; 88:214417.

44. Dang Y, Liu Y, Sun Y, Yuan D, Liu X, Lu W, Liu G, Xia H, Tao X. Cryst Eng Comm. 2015; 
17:665.

45. Ding J, Du S, Zhao Y, Zhang X, Zuo Z, Cui H, Zhan X, Gu Y, Sun H. J Mater Sci. 2016; doi: 
10.1007/s10853-016-0329-2

46. McLeod JA, Wu Z, Shen P, Sun B, Liu L. J Phys Chem Lett. 2014; 5:2863. [PubMed: 26278090] 

Li and Haney Page 7

Appl Phys Lett. Author manuscript; available in PMC 2017 November 01.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



FIG. 1. 
(a) Schematic of the circular photogalvanic measurement. The incident light with right 

circular polarization is propagating within the ŷ-ẑ plane (indicated by the light green 

triangle) with incidence angle θ. Inversion symmetry breaking is assumed along ẑ direction. 

Photocurrent is flowing perpendicular to the plane of incidence. In our model system, the 

photocurrent is along the x̂ direction. (b) Schematic of a situation that the inversion 

asymmetry is only present over a distance L from the sample surface indicated by the pink 

rectangle. The light intensity follows an exponential decay e−α(ω)|z| with α(ω) being the 

absorption coefficient and |z| being the distance away from the surface.
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FIG. 2. 
(a) depicts the Rashba-type band structure of CH3NH3PbI3 along kx(ky = 0, kz = 0). For S = 

1/2 valence bands, circles with cross (red) and dot (green) indicate the spin orientations 

pointing into and out of the paper, respectively. For J = 1/2 conduction bands, the labeled 

orientations correspond to the total angular momenta. The arrows with different thickness 

represent the asymmetric transition rates at k and −k for right circularly polarized light. (b) 

and (c) show matrix elements  for transitions between highest 

valence band and lowest conduction band. + and − correspond to right and left circularly 

polarized light, respectively.
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FIG. 3. 
(a) Photocurrent density jx normalized to the radiation power P as a function of the incident 

photon energy ħω with respect to the energy gap for an incidence angle θ = 90°. Positive 

(Negative) photocurrent direction corresponds to right (left) circularly polarized light. (b) 

Absorption coefficients for different polarizations as a function of incident photon energy. 

The close similarity between absorption coefficients for xx and yy polarizations corresponds 

to the symmetry of the system under study.
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FIG. 4. 
The normalized photocurrent density jx/P scaled by the factor 1 − e−α(ω)L for L = 1000, 100, 

10 and 1 nm. The log-scale photocurrent density at 1.7 eV indicated by the vertical dashed 

line is plotted in the inset as a function of log-scale symmetry breaking length L.
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