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Heterostructures like InAs/GaSb superlattices (SLs) are distinctly different from well-studied 

ones like GaAs/AlAs SLs in terms of band alignment, common interface atom, and phonon 

spectrum overlapping of the constituents, which manifests as stark differences in their electronic 

and vibrational properties. This work reports the first comprehensive examination of all four 

types of phonon modes (confined, quasi-confined, extended, and interface) that have long been 

predicted for the InAs/GaSb SL, with the observation and interpretation of a set of new phonon 

modes by performing cleaved edge µ-Raman study with polarization analysis. Furthermore, we 

show the first signature of symmetry reduction from D2d for GaAs/AlAs SL to C2v for InAs/GaSb 

SL revealed as a phonon-polariton effect. 
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InAs and GaSb form an unusual type heterostructure: type II band alignment with a 

broken bandgap, no-common-atom interfaces, and overlapping optical phonon spectra, in 

contrast to better studied heterostructures, such as of GaAs and AlAs with type I band alignment, 

common-anion interfaces, and non-overlapping optical phonon spectra.[1] These differences 

make the electronic structure and vibration spectrum of InAs/GaSb heterostructure more 

complex and intriguing, and also less well understood. Besides using InAs/GaSb type II 

superlattices (T2SLs) for IR detection,[2,3] InAs/GaSb heterostructures have lately been 

explored for fundamental interests, such as exciton condensation,[4,5] quantum spin Hall effect 

or topologic insulator,[6-10]  and graphene-like Dirac fermion.[11] 

Raman spectroscopy is widely used for studying lattice vibrations and probing electron-

phonon coupling in semiconductor SLs.[12] The observation of confined phonons in GaAs/AlAs 

SLs not only provides an indication of high structural quality, but also valuable information for 

the bulk vibration spectra.[12] The optical phonon spectra of InAs and GaSb strongly 

overlap.[13] For LO, the Γ - X dispersion of InAs (238.6–203cm-1) encloses that of GaSb 

(233.1–211.4cm-1); for TO, that of GaSb (228.8–211.8cm-1) encloses InAs (217.3–216cm-1). The 

phonon spectrum of the T2SL has been predicated to have four types of modes: confined (C), 

quasi-confined (QC), extended (EX), and interface (IF) modes.[13-16] No-common-element 

interface has two consequences: (1) two IF modes, GaAs-like (IF1) and InSb-like (IF2), locating 

above and below the general SL modes;[13,16] and (2) the reduction of the SL symmetry from 

D2d for GaAs/AlAs SL to C2v for InAs/GaSb SL.[16]  One important point not previously 

received attention is that the Raman cross-sections (RCs) of the two constituents are very 

different for the T2SL, which turns out to be pivotal for understanding its Raman spectrum. 
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Numerous Raman studies on the T2SL have been reported.[17-24] Most of them were 

performed in the (001) back-scattering geometry, with only one major Raman peak observed at 

around 236�238cm-1 assigned generally as a SL-LO mode. It was believed that the overlapping 

of the bulk phonon modes would make it difficult to resolve the confined and extended 

modes.[18-20] Two weak LO-IF modes have also been reported, and often used to assess the 

interface composition.[22] An attempt has been made to perform the cleaved edge Raman study 

on the T2SL, but failed to resolve the SL signal from that of the substrate.[21] In short, except 

for the IF modes, previous efforts on the T2SL have not been able to make any unambiguous 

connection between the experimental results and the theoretical predictions. 

In this letter, we conduct micro-Raman study on a series of InAs/GaSb SL samples 

grown on either InAs or GaSb substrate, and thick InAs and GaSb epilayers, from both the (001) 

growth plane and (110) or (1ത10) cleaved edges in back-scattering geometry. By performing 

selection rule analyses and direct comparison with the “bulk” references, we (1) conclude that 

the previously reported SL-LO phonon mode was a GaSb QC-LO mode, and anticipated InAs C 

mode is not observable due to a small InAs RC; (2) observe a set of new TO Raman lines with 

characteristics of QC, EX, and IF modes. The use of two types of substrates and two “bulk” 

reference samples are critical for making the Raman mode assignments, because changing 

substrate is equivalent to apply strain to the SL, and making direct comparison between the “bulk” 

and SL samples can assess their relative RCs.  This work for the first time experimentally reveals 

the signatures of the unique vibration spectrum of the T2SL, and thus provides bench-mark data 

for testing the theory. The derived information about the electron-phonon coupling will be 

critical to assess the lately proposed quantum transport applications that are ultimately 

determined by the electron-phonon interaction.[25,26]  
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Four MOCVD samples were grown on (001) InAs substrates,[27] with InAs/GaSb layers 

in nm as 5/3.1(labeled as G22), 4.8/3(G30), 5.45/2.43(G54), and 5.14/2.43(G55). The total SL 

thicknesses are 2.4–2.5µm, except for G22 being ~0.4µm. No intentional interfacial treatment 

was applied during growth of these SLs, so both GaAs and InSb interfaces (with GaAs and InSb 

bonds in the (110) plane) were possible (known as “neutral” interface). Two MBE samples (IFA 

and IFRA) were grown on GaSb substrates, with InAs/GaSb layers as 4.5/2.4, total SL 

thicknesses of 3.1–3.2µm, and 20nm InAs and 5nm GaSb caps.[28] They differ in the interfacial 

treatments, with neutral interfaces in IFA and only InSb interfaces in IFRA. The results of the 

MOCVD samples are qualitatively similar. Most results presented are from G54 and IFA, unless 

noted otherwise. InAs and GaSb “bulk” samples, about 1µm thick, were grown by MOCVD on 

their native substrates. They are slightly lattice mismatched with aInAs:aGaSb ≈1:1.007. Because of 

the small lattice mismatch, the SL is coherently strained to the substrate on the growth plane, i.e., 

the GaSb layers of the SL are under in-plane compressive strain when grown on InAs substrate, 

and the InAs layers of the SL under tensile strain when grown on GaSb substrate. Raman 

measurements were conducted at room temperature, using a Horiba HR800 confocal Raman 

microscope with a CCD detector and a 100ൈ microscope lens (NA=0.9). The spectral dispersion 

is 0.44/pixel, and the spatial resolution is ~ 0.36µm using a 532 nm laser. The spectrometer was 

calibrated to yield Si Raman peak at 520.7cm-1. Sufficiently low laser power (~0.3mW) was used 

to avoid sample heating. This precaution is vitally important: because the thermal conductivities 

of the bulk and SL samples are rather different, heating can cause significantly different line 

shifts for different modes thus confusion in assigning Raman modes.  

For C2v symmetry, there are four allowed Raman modes with these Raman tensors:[29] 

A1(z') = [(a,0,0), (0,b,0), (0,0,c)], B1(x') = [(0,0,e), (0,0,0), (e,0,0)], B2(y') = [(0,0,0), (0,0,f), 
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(0,f,0)], and A2 = [(0,d,0), (d,0,0), (0,0,0)]. Here x', y', and z' are the principal axes with x'~(110), 

y'~(1ത10), and z'~(001), with respect to the cubic axes x~(100), y~(010), and z~(001). If one 

envisions that the difference between either the cations or the anions vanishes, D2d symmetry 

should be recovered. Indeed, by letting a = b, c = 0, and e = f, A1 and (B1, B2) will become B2(z) 

and E(x,y) of D2d, respectively. A2 does not have a correspondence in D2d. Thus, c and d are 

entirely due to the symmetry reduction from D2d to C2v, and their effects are expected to be small. 

The key C2v Raman selection rules are summarized in Table 1, by calculating the Raman 

intensity ∝ |ei⋅R⋅es|2, where R is the Raman tensor, ei and es are the polarization vectors of the 

incident and scattered light. 

(001) back-scattering 

Fig. 1 compares Raman spectra with different polarization configurations for four 

samples, T2SL G54 and IFA, InAs, and GaSb, obtained under the same conditions. Only the 

results of zሺݔᇱ, ,ᇱݔand zሺ ݖᇱሻݔ  ,are shown, because the others are qualitatively similar. First ݖᇱሻݕ

evidently the RC of GaSb is substantially larger than that of InAs (~5:1), implying that InAs-like 

modes are less observable in the SL, which is an important clue for identifying Raman modes. 

Second, the primary SL peak is found at ~238.6cm-1 or ~234.3cm-1 in the T2SL, respectively, on 

InAs and GaSb. The peak position varies only slightly within the SL samples on the same 

substrate (less than 0.5cm-1), but greatly with changing substrate, because of the epitaxial strain. 

The SL mode in the SL on GaSb matches the predicted GaSb QC-LO mode at a wavenumber 

slightly below the GaSb LO mode.[14,16] For the SL on InAs, despite being close to the InAs 

LO, the SL mode is in fact the same GaSb QC-LO mode but blue shifted due to the compressive 

strain. Furthermore, the SL mode in the InAs-substrate sample shows an intensity between those 

of the bulk GaSb and InAs, which is consistent with its assignment as a GaSb QC-LO mode, 

because the lowest order consideration based on the volume would suggest the intensity to be 
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simply determined by the fraction of GaSb in the SL. If it were an InAs LO like mode, the 

intensity would be below that of the bulk InAs. The lower intensity of the SL mode for the 

GaSb-substrate sample is due to the absorption of its cap layers. The weaker peak at ~228cm-1 in 

the SL on InAs or ~226cm-1 in the SL on GaSb could be due to the forbidden GaSb derived TO 

mode. However, given the larger width of the peak and the enhanced relative intensity when 

compared to the primary LO mode, in particular for the SL on GaSb, this peak might also 

contain unresolved EX modes. The predicted InAs confined modes [15,16] are not observed, 

likely due to the small RC of InAs bulk. We also examined the potential anisotropy between x' 

and y', i.e., aLO vs. bLO, and find that the difference, if any, is less than 1% (within the 

uncertainty). In summary, the primary SL-LO Raman mode measured on the growth plane is a 

GaSb QC-LO mode with A1 symmetry. 

(110) and (-110) cleaved edge back-scattering 

First we demonstrate in Fig. 2 the ability to unambiguously resolve the SL Raman signal 

from the substrate on the cleaved edge using sample G55. Fig. 2(a) shows an optical image of the 

cleaved edge under white light illumination, showing a visible optical contrast between the SL 

and substrate. Figs. 2(b) and (c) are Raman mapping results on the cleaved edge for two modes: 

~226cm-1, a SL EX-TO mode that is seen only in the SL epilayer region; ~217.5cm-1, an InAs 

QC-TO mode of the SL at nearly the same frequency as that of the bulk InAs TO mode, showing 

uniform intensity across the SL/substrate boundary. Below we discuss the Raman mode 

assignments by applying polarization analyses and comparing with the bulk references. 

Shown in Fig. 3 are the typical results for the two SL samples, respectively, on InAs and 

GaSb substrate, compared directly with the “bulk” references. For Td symmetry, the TO mode is 

allowed in three equivalent configurations ݔᇱሺݕᇱ, ҧݔሻݖ ᇱ ,ݖᇱሺݔ , ҧݔᇱሻݕ ᇱ , and ݔᇱሺݕᇱ, ҧݔᇱሻݕ ᇱ , but 
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forbidden in ݔᇱሺݖ, ҧݔሻݖ ᇱ.[30] This is confirmed in Figs. 3 for the “bulk” samples, showing a TO 

mode at 226.5cm-1 and a (weak) LO mode at ~236cm-1for GaSb, and a TO mode at 217.4cm-1for 

InAs. The GaSb RC is again much larger than InAs (~14:1). For SLs, the spectra of ݔᇱሺݕᇱ, ҧݔሻݖ ᇱ 
and ݔᇱሺݖ, ҧݔᇱሻݕ ᇱ are essentially the same, as shown in Figs. 3(a) and 3(b), with two major peaks: 

226cm-1 and ~217.8cm-1 for the SL on InAs, and 224.3cm-1 and ~216.5cm-1 for the SL on GaSb. 

The Raman selection rules indicate that these modes should have B2(y') symmetry. The lower 

frequency mode can be assigned as an InAs QC-TO mode based on its frequency in the SL 

sample on InAs, as well as its intensity being lower than the bulk InAs. The higher frequency 

mode should be assigned as an EX-TO mode rather than an expected GaSb C-TO,[13,16] based 

on two considerations: (1) its intensity is about 1/8 of the bulk GaSb, while the GaSb volume 

fraction is about 1/3; and (2) the frequency difference with respect to the bulk GaSb TO for the 

SL sample on GaSb is significantly larger than those of calculated GaSb QC or C modes.[7,10] 

Here again we observe the strain effect: for the SL on InAs, the EX-TO mode is blue-shifted 

(incidentally matching the TO mode of the bulk GaSb) due to the compressive strain; for the SL 

on GaSb, the InAs QC-TO mode is red-shifted due to the tensile strain. The InAs QC-TO mode 

is less sensitive to the strain than the GaSb QC-LO mode, which is consistent with the strain 

effects in the bulks.[31,32] 

For ݔᇱሺݕᇱ, ҧݔᇱሻݕ ᇱ, shown in Fig. 3(c), three additional peaks are observed: 221, 237, and 

250cm-1 for the SL on InAs, and 219.5, 234, and ~245cm-1 for the SL on GaSb. Again these are 

the same set of Raman modes, but shifted against each other due to the epitaxial strain. The 

Raman selection rules indicate that these modes should have A1(z) symmetry. The lowest 

frequency mode at 221 or 219.5cm-1 can be attributed to an EX-TO mode, with both its intensity 

and frequency falling between the two bulk TO modes. Because this mode is derived from the 
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bulk TO modes, there is not an obvious A1 LO counterpart in the (001) back-scattering 

measurement. In fact, it is a broad band that appears to comprise unresolved components on the 

high frequency side. By deconvoluting this broadened peak into two components, we get another 

weak peak at  ~227 or 224cm-1 that is close to the B2 symmetry EX-TO mode observed in ݔᇱሺݕᇱ, ҧݔሻݖ ᇱ  but forbidden in ݔᇱሺݕᇱ, ҧݔᇱሻݕ ᇱ. The highest frequency mode at 250 or ~245cm-1 is 

close to the predicted GaAs IF1-TO mode with A1 symmetry.[13] However, the LO counterpart 

for this IF mode is not well resolved in the (001) back-scattering, indicating that the cleaved edge 

has higher sensitivity for probing the IF mode. The behavior of the middle mode is peculiar: its 

frequency 237 or 234cm-1 is above all the bulk TO modes, and in fact rather close to the GaSb 

QC-LO mode at 238.6 or 234.3cm-1; but its intensity is much stronger than the forbidden bulk 

GaSb LO, and actually comparable to the EX-TO modes. Additionally, the strain shift of this 

mode is substantially larger than those TO type modes. Apparently, this mode cannot be readily 

assigned as any of the predicted SL modes.[7-10] It should be interpreted as a transverse 

counterpart of the GaSb QC-LO with A1 symmetry split due to the phonon-polariton effect. And 

it is also the only mode showing observable anisotropy between ݔᇱ and ݕᇱto be discussed later. 

For ݔᇱሺݖ, ҧݔሻݖ ᇱ, as shown in Fig. 3(d), two weak modes were resolved: ~226.5cm-1 and 

~237.8cm-1 in SL on InAs; and ~224.5cm-1 and ~234.5cm-1 in SL on GaSb. This configuration is 

forbidden for all the modes belonging to Td or D2d symmetry, but allowed for the A1(z) mode of 

C2v symmetry due to the c component of A1(z) induced by symmetry lowering. Therefore, these 

modes could either arise from the anticipated weak A1(z) or be the vestiges of the EX-TO modes 

observed in ݔᇱሺݕᇱ, ҧݔሻݖ ᇱ and ݔᇱሺݕᇱ, ҧݔᇱሻݕ ᇱ. Fig. 3(e) and (f) compare (001) and the cleaved edge 

spectra for the four distinct polarization configurations, respectively, for the two SL samples to 

highlight the relative positions and intensities of different modes.  
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 So far we have discussed the results from one cleaved edge, assumed to be (110). We 

now examine the possible anisotropy between ݔᇱሺݕᇱ, ,ᇱݔᇱሺݕ ᇱandݔᇱሻݕ  ᇱ  expected for C2v.[22]ݕᇱሻݔ

By mounting two cleaved edge pieces of (110) and (110) side by side and measuring them under 

the same conditions, we can detect anisotropy in the order of 1%. We have found only one SL 

Raman mode, 237cm-1 (G54) or 234cm-1 (IFA), that exhibits significant intensity anisotropy ~13% 

between (110) and (110), as shown in Fig. 4(a) and (b). On the same spectrum, the ~221 or 

~219.5cm-1 peak, shows no apparent anisotropy. To further confirm the reliability, the bulk GaSb 

is shown to be indeed isotropic, Fig.4(c); and the sample with modified interface IFRA exhibits 

substantially reduced anisotropy ~3%, Fig. 4(d). Therefore, we may conclude that the effect of 

symmetry reduction from D2d to C2v is minimal for most situations, nevertheless observable for 

certain modes. This anisotropy is another indication of the phonon-polariton nature of this mode 

that alters the basic Raman selection rule.  

 In summary, we have concluded that the previously reported Raman mode observed in 

the (001) back-scattering is a GaSb QC-LO mode with A1 symmetry. From the (110) or (110) 

cleaved edge, we have observed at least five new Raman modes: one EX-TO and one InAs QC-

TO mode with B2 or B1 symmetry; one EX-TO, one IF1-TO, and a phonon-polariton TO mode 

associated with the GaSb QC-LO mode, all with A1 symmetry. The phonon-polariton mode 

shows anisotropy between the (110) or (110) plane, expected for a structure with C2v biaxial 

symmetry. All the other modes behave as though having D2d uniaxial symmetry. No predicted 

confined mode has been observed, suggesting the need for an improved lattice dynamics theory. 
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Table 1. Polarization selection rules for C2v Raman modes in back-scattering geometries with 

photon wave vectors along z'~[001], x'~[110], and y'~[1ത10]. The results for two cross-

polarizations are identical, and only one is shown. 

      Symmetry 

Geometry 

A1(z') B1(x') B2(y') 

zԢሺxᇱ, xᇱሻzԢഥ a2
LO 0 0 zԢሺyᇱ, yᇱሻzԢഥ b2
LO 0 0 zԢሺxᇱ, yᇱሻzԢഥ 0 0 0 xᇱሺyᇱ, yᇱሻxԢഥ  yᇱሺxᇱ, xᇱሻyԢഥ  

b2
TO 

a2
TO 

0 0 

xᇱሺzԢ, zԢሻxԢഥ  yᇱሺzԢ, zԢሻyԢഥ  

c2
TO 0 0 

xᇱሺyᇱ, zԢሻxԢഥ  yᇱሺxᇱ, zԢሻyԢഥ  

0 e2
TO f2

TO 
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Figure captions 

 

Figure 1. (001) backscattering Raman spectra of InAs/GaSb SLs, compared with those of InAs 

and GaSb thick epilayers in two polarization configurations: (a) zሺxᇱ, xᇱሻz, and (b) zሺxᇱ, yᇱሻz . 

 

Fig 2. Raman mapping from the (110) cleaved edge of an InAs/GaSb SL grown on InAs 

substrate, showing the ability to resolve unambiguously the signal from the SL and substrate. (a) 

Optical image under white light illumination, (b) Raman mapping result in xᇱሺyᇱ, zሻxതᇱ for a SL 

mode at ~226cm-1 that does not exist in the substrate, and (c) the same as (b) but for an InAs like 

SL mode at ~217cm-1 that also exists in the substrate. 

 

Fig 3. (110) backscattering Raman spectra for the same samples as in Fig. 1. (a) – (d): the 

comparison of the four samples in four polarization configurations, (a) xᇱሺyᇱ, zሻxതᇱ, (b) xᇱሺz, yᇱሻxതᇱ, 
(c)  xᇱሺyᇱ, yᇱሻxതᇱ, and (d) xᇱሺz, zሻxതᇱ. (e) and (f): the comparison of one SL sample under different 

polarization configurations, respectively, for the SL on InAs and GaSb substrate. 

 

Fig. 4. The comparison of Raman spectra measured from two cleaved edges (110) and (110). (a) 

SL G54 (neutral-IF SL on InAs), (b) SL IFA (neutral-IF SL on GaSb), (c) thick GaSb epilayer, 

and (d). SL IFRA (SL with only InSb IFs on GaSb). 

 

 

 










