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We employ internal photoemission spectroscopy to directly measure the valence-band Van Hove singularity,

and identify phonons participating in indirect intervalence-band optical transitions. Photoemission of holes

photoexcited through transitions between valence bands displays a clear and resolvable threshold, unlike

previous reports of interband critical points which become obscure in doped materials. We also demonstrate the

enhancement of optical phonon-assisted features primarily contributing to the photoemission yield. This result

is evidence of the relaxation of photoexcited hot holes through intravalence-band scatterings in heterojunctions,

which contrast with intervalence-band scatterings in bulks.

DOI: 10.1103/PhysRevB.88.201302 PACS number(s): 78.30.Fs, 71.70.Ej, 73.40.Kp, 79.60.Jv

Optical studies of light interacting with a material reveal

fundamental information about its electronic structure,

photons, phonons, and carrier dynamics in the material, inter
alia.1–4 Many fundamental studies and device applications

make use of optical transitions between different energy

bands,5–11 among which the valence-to-conduction band

(VB to CB) transitions are typically used to determine band

parameters,9 e.g., the interband Van Hove singularities.10

Despite the well-known electronic structure, understanding

of VB-related physics is still very limited. Nearly all of

what is currently understood about VBs come from optical

absorption5–7 and interband transition-based experiments,9,10

the latter of which encounters a fundamental difficulty when

band tailing perturbed obscuring effects dominate.12 This

limitation makes it impossible to measure the VB singularity

on the basis of free-carrier effects. Aside from this, although

many theoretical studies on free-carrier absorption are

reported,13,14 the determination of the dominant contributions

to the carrier-phonon coupling in indirect intervalence-band

(IVB) transitions is yet to be demonstrated experimentally.

In this Rapid Communication, we demonstrate that internal

photoemission (IPE) of holes at a heterojunction interface

provides a direct characterization of the valence-band and

hole dynamics. Of the various optical processes illustrated

in Fig. 1(a), indirect transitions take place either through

an intermediate state lying in the VB from which the

transition originates, or through a nearby band. On the

contrary to readily observing phonons associated with inter-

band absorption in indirect-gap semiconductors,16 identifying

phonons participating in indirect IVB transitions is impossible

through optical absorption, according to its featureless profile

[Fig. 1(b)] and also extensive absorption data reported in

past literature.7 IPE occurs at the junction interface when

the kinetic energies of photoexcited carriers in the photon

absorber (emitter) are sufficiently higher than the barrier.17 For

successful photoemission, photocarriers must transfer between

the energy bands of the absorber and barrier, which leads to

remarkable features associated with indirect transitions due

to their higher probabilities of occurring compared to direct

transitions.18 Analysis of the IPE results also allows us to study

hole dynamics upon photoexcitation. Our results broaden the

understanding of the VBs and optical processes, which, for

example, may offer a better understanding of the origin of

hole-mediated ferromagnetism for p-type (Ga,Mn)As,19 by

distinguishing IVB transitions from impurity band-to-valence

band transitions through resolving the VB singularity. In

addition to this fundamental interest, phonon identification

will find applications in determining free-carrier absorption,

an important source of modal loss in light-emitting and laser

devices.13,14

The IPE quantum yield (Y )17 is obtained as Y = (I/P )hν,

where I is the photocurrent of the sample, and P is the

power of incident light. A commercial bolometer with known

sensitivity was used to measure P for spectral calibration.

Photocurrent spectra were acquired by mounting the sample in

a liquid-helium dewar and using a Perkin-Elmer system 2000

Fourier transform infrared (FTIR) spectrometer. The sample

for IPE studies uses emitter/barrier heterojunctions (e.g.,

p-type doped GaAs/undoped AlGaAs).20 Although IPE was

reported more than four decades ago,21 it remains attractive,

as recently demonstrated for characterizing materials such as

graphene and oxide-based structures.22 Here, going beyond

the standard focus on obtaining band offsets,17,21 we illustrate

an exploration of IPE to study the VB structure and related

optical processes.

Features of hole photoemission solely associated with the

p-type GaAs emitter are confirmed by IPE of samples with

different AlxGa1−xAs barriers, as shown in Fig. 1(c). Except

for the low-energy spectral end (0.1–0.3 eV) affected by the

potential barrier,17 the photoemission spectra between 0.3
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FIG. 1. (Color online) (a) Schematic of various intervalence-

band (IVB) optical transitions, where (1)–(5) have the following

meanings: (1) Direct IVB transition; (2) IVB transition + phonon

emission (h̄ω1); (3) phonon absorption (h̄ω2) + IVB transition;

(4) IVB transition + phonon emission (h̄ω3) (interband scattering);

and (5) phonon absorption (h̄ω4) + intraband photon absorption. The

inset shows the photon excitation and emission of a hole in an

emitter (E)/barrier (B) heterojunction. It was found that transition

(2) has a dominant contribution to the photoemission yield. (b) Optical

absorption (α) of p-type GaAs. (c) Internal-photoemission spectra

of p-type GaAs/AlxGa1−xAs heterojunctions. The inset illustrates

the flat-band (VB) diagrams (Ref. 15) at zero bias. The shaded

area schematically shows the Fermi level of the emitter [doping

concentration: 3 × 1018 cm−3 (A, B, and C) and 1 × 1019 cm−3 (D)].

The photon energy ranges where the HH → LH or HH → SO

transitions dominate are indicated. The features indicated by vertical

arrows remain the same in different samples.

and 0.45 eV have very similar profiles between different

samples. The undulations beyond 0.45 eV (samples A–C)

result from optical interference which can be clarified by

optical calculations. The sharp peak of sample A at 0.193 eV

was previously interpreted as LH-HH spin-orbit splitting (LH

and HH denote the light- and heavy-hole band, respectively).11

The variation in the applied bias is to adapt to the differences

in the structures between samples to obtain optimum spectra.

However, the features between 0.3 and 0.45 eV barely depend

on bias, as well as the barrier height and shape (affected by

bias-induced image-force barrier lowering17). In comparison

with absorption [Fig. 1(b)], these features likely originate

from the HH → SO hole transitions. Interband transitions and

lattice absorption as the causes can be excluded, as they occur

only in even higher- and lower-energy ranges, respectively.

Transitions originating from the impurity band can also be

excluded, because the impurity band is already merged with the

VB for doping concentration of >3 × 1018 cm−3.8 Moreover,

the intravalence-band transition is insignificant for this spectral

range. This leaves the intervalence-band transitions as the only

mechanism for interpreting the features.

In order to examine the features in more detail, we

differentiated quantum yield spectra [Figs. 2(a)–2(c)]. The

peaks in the double differential plots correspond to the onsets

of these features, and are thus used to determine thresholds

of various transitions. It is tempting to interpret the second

derivative peak at ∼0.34 eV as correlated with the HH → SO

singularity, corresponding to the band splitting gap at the

Ŵ point (�0). This assertion is clarified by calculating
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FIG. 2. (Color online) Comparison of (a) quantum yield (Y ), and

its (b) first and (c) second derivatives for samples A (6 V, 80 K),

D (−0.5 V, 80 K), and E (0.05 V, 50 K). The structure of sample E

is the same as A, except for its emitter doping concentration

(6 × 1019 cm−3). The vertical lines indicate the identified phonon

features (Table I). Also shown in (c) are the second derivatives of the

as-measured sample and bolometer (background) spectra. (d) Calcu-

lated 1/∇k

∑
i �=j [Ei(k) − Ej (k)] by a k· p model (Ref. 23) to show the

Van Hove singularities (VHS) of intervalence-band transitions, two of

which are indicated in the inset. Also shown is the derivative of JDOS.

1/∇k

∑
i,j [Ei(k) − Ej (k)] to show the singularities, and the

joint density of states (JDOS), as illustrated in Fig. 2(d). The

quantum yield can be expressed as17

Y (hν) ∼

∫ ∞

�−hν

ρ(ǫ,Ef )f (ǫ)P (ǫ + hν,�)dǫ, (1)

where ρ and P are the energy distribution of photoexcited

holes and their escape probability, respectively. Ef is the

Fermi level. f (ǫ) is the Fermi-Dirac distribution function.

As f and P are slowly varying functions (in the energy

regime around �0), we take the dominant contribution of

ρ for calculating derivatives, i.e., dY/d(hν)∼ρ(�−hν,Ef ),

and hence d2Y/d(hν)2∼d(JDOS)/d(hν), where ρ takes the

line shape of JDOS if only direct IVB transitions are consid-

ered. The LH → SO transition exhibits a strong saddle-point

singularity but cannot be observed because of the lower hole

occupancy in the LH band. Due to its three-dimensional nature

201302-2
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FIG. 3. (Color online) (a) Second yield derivative spectra of

sample D at different temperatures. Results at different biases are

similar and thus not shown here. Vertical lines indicate the identified

phonon features. (b) Temperature and doping dependence of �0 for

GaAs which nearly remain constant (dashed line). Data of �0 adopted

from Table III of Ref. 25 are shown for comparison.

(dipole forbidden at Ŵ), the HH → SO singularity shows a

weak signature in d(JDOS)/d(hν), in consistence with the

experimental feature of d2Y/d(hν)2. As shown in Fig. 2(c),

a quite smooth as-measured bolometer spectrum around �0

justifies this result as not due to the background.

Typically, �0 was indirectly determined10,24 through resolv-

ing interband critical points (at Ŵ): E0 (HH to CB transitions)

and E0 + �0 (SO to CB). Direct determination of �0 enables

the study of its dependence on the doping concentration (Fig. 2)

and temperature [Fig. 3(a)]. The determined values plotted in

Fig. 3(b) indicate that �0 nearly remains unchanged, and has

an average of 0.3392 ± 0.0003 eV, in reasonable agreement

with reported values which are believed to be closer to

0.390–0.341 eV.26,27 While the temperature dependency of �0

can be readily obtained from interband transitions of undoped

GaAs, it is difficult to determine the doping dependency,12

as band tailing significantly perturbs the density of states

(DOS) at Ŵ. It can be deduced according to the two-thirds

rule [�1 = (2/3)�0],28 that �0 remains constant, as interband

critical points E1 (HH to CB) and E1 + �1 (LH to CB) (at

larger k) synchronously vary with doping concentrations.29

Our experiment is a direct justification of this result.

Band tailing introduces extended states in both the CB and

VB, notably causing a reduction of the effective band gap.

Likewise, the expected reduction of the SO-HH splitting gap

would be about 13 meV for p = 1 × 1019 cm−3. However,

stationary �0 is confirmed in this study, indicating that �0

is free of the shrinkage due to carrier-induced exchange

and correlation effects30 as in the band gap. The unaltered

HH → SO singularity may originate from transitions through

localized states owing to dopants caused potential fluctua-

tions. This supports the rigidity of the VBs, of which only

the temperature rigidity has been studied previously.31 Our

findings justify the rigid-band argument for studies, such as

understanding doping-induced band gap narrowing effects and

band alignment of doped heterojunctions.17

Returning to the phonon study, we identify phonons

participating in IVB transitions based on yield spectra, and

use the second derivatives to determine their energies. The

possibility for the occurrence of indirect transitions is partially

supported by observing a nonvanishing yield around �0.

Calculations14 have shown enhanced absorption by over an

order of magnitude, as a consequence of diverted transitions

at large k points (dipole allowed) to k = 0 (dipole forbidden)

where the hole occupation is very strong. The participation of

phonons plays an important role in this process; each of them

results in an individual threshold being resolved. Noticing

that IVB absorption is broad and featureless [Fig. 1(b)],

the featured yield is thus a result of enhancement due to

phonon-assisted transitions. The strongest features at ∼0.37

and 0.44 eV [Fig. 2(a)], which can be exclusively distinguished

compared to the background [Fig. 2(c)], are assigned with the

energies of �0 + Eph, i.e., correlating with phonons: LO(Ŵ)

and 3 × TO(Ŵ) (Eph is the phonon energy). It was found that,

as shown in Fig. 2(a), these two features diminish as the emitter

doping concentration increases to a higher level (sample E).

Enhanced scatterings by charged impurity centers, as observed

in the broadening of HH → SO absorption,7 may alleviate the

carrier-phonon coupling and cause yield reduction. Such an

effect is in support of observed phonon features.

Identification of other phonons associated with relatively

weaker features may need good differentiation between the

sample and background signal. As shown in Fig. 2(c), the only

suspicious feature is LO(X). Although this is also shown in

TABLE I. IPE features associated with phonons of GaAs (80 K). �0 is the HH-SO spin-orbit splitting energy with a value of 339.2 ± 0.3 meV.

The energies of single phonons are the averages of values from different samples measured at different experimental conditions. The numbers

in parentheses are uncertainties.

Features (meV) �0 − 13.0 �0 − 7.4 �0 �0 + 8.7 �0 + 16.3

Phonons TA(X) TA(L) TA(L) 2 × TA(L)

Features (meV) �0 + 28.9 �0 + 35.4 �0 + 99.4

Phonons LO(X) LO(Ŵ) 3 × TO(Ŵ)

TO(Ŵ) LO(Ŵ) LO(X) TA(X) TA(L)

This work (meV) 33.1(0.2) 35.4(0.2) 28.9(0.2) 12.2(0.8) 8.1(0.5)

Waugh et al.a 33.2(0.3) 35.4(0.8) 29.9(0.6) 9.75(0.06) 7.70(0.06)

Blakemoreb 33 35.5 30 8

Giannozzi et al.c 33.6 36.1 29.8 10.2 7.8

Steiger et al.d 33.2 36.1 28.9 8.9 8.8

aReference 32.
bExtracted from multiple phonon assignment to reststrahlen absorption peaks; see Table XI of Ref. 27.
cReference 33.
dReference 34.
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the as-measured background spectrum, its existence cannot be

ruled out as its normalized intensity is much higher than that

of the background. Various phonons that were determined are

shown in Table I. High-energy phonon features are interpreted

as multiples of the same phonon rather than a combination of

different phonons, as this assignment gives the best agreement

with previously reported values.27,32–34 Due to a small expected

variation, no temperature effect on the phonon energy can

be identified.35 As the phonon emission rate decreases, the

quantum yield decreases at higher temperatures. However,

deducing the temperature dependency of the phonon features

is not straightforward because photoemission efficiency is also

affected by photon absorption and hole escape probability. The

nonvanishing phonon-absorption peaks at 5.3 K [Fig. 3(a)] are

thought to be due to hole thermalization,36 which provides

necessary phonons for assisting the photoemission of holes.20

A similar absorption of acoustic phonons is observed at 1.5 K,

when phonons are generated by a heater.37

Attention should be paid to the most important phonons,

LO(Ŵ) and 3 × TO(Ŵ), which have the most significant

contributions to the yield. This agrees with previous studies

on the dominant hole-optical phonon interactions.38 Our result

is an experimental validation for the theoretical evaluation

of phonon-assisted IVB absorption, for which a theoretical

model is typically employed to predict the role of phonons,

with justification from other experiments.13 The major role

of 3 × TO(Ŵ) instead of one TO phonon, although confirmed

experimentally, remains to be explained, which may require

further study based on this observation.

We confirm the hot-hole dynamics of Fig. 4(a) for hetero-

junctions. As photoexcited hot holes tend to relax to the top

of the VB, an intervalence-band scattering typically occurs

to enable the transfer of a hot hole between different bands

[Fig. 4(b)], which is then followed by intraband hole-hole

or hole-phonon scatterings for further relaxation, as reported

Photon energy (eV)
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FIG. 4. (Color online) (a) and (b) are schematics of hole

transitions (vertical lines) and scattering processes (dashed lines),

corresponding to the hot-relaxation pictures obtained in this study and

reported by Ref. 39, respectively. The energy bands plotted with solid

and dashed-dotted lines are for the emitter and barrier, respectively.

Spectral yield and second yield derivatives for (c) p-type GaSb/GaSb

and (d) p-type InGaAs/InGaAsP/InP junctions. ET corresponds to

transitions across the band gap of GaSb (Ref. 20). The dashed straight

line crossing with the yield spectrum is to show the location where

the slope is about to change.

TABLE II. Comparison of �0 of GaAs, In0.53Ga0.47As, and

GaSb with reported values. The numbers in parentheses are

uncertainties.

GaAs In0.53Ga0.47As GaSb

This work (meV) 339.2(0.3) 332.8(0.3) 794.8(0.03)

Reported values (meV) 390–341a 329.6b 796c

aReferences 26 and 27.
bVurgaftman et al. (Ref. 26).
cMuñoz et al. (Ref. 24).

in bulks.39 Hole-hole scatterings proceed in a fast time scale

and dominate in the intraband (HH) relaxation. In the het-

erojunction case, this leads to a higher-order relaxing process

compared to Fig. 4(a), due to required additional scattering

to facilitate the escape of a hot hole over a potential barrier.

The relaxing picture of Fig. 4(a) depicts relaxation towards to

the SO top instead of the HH, correlating with observations

that confirm phonon features associated with the HH → SO

singularity. The potential barrier diverts the relaxation channel

primarily through the SO band, which principally contributes

to the yield outcome. Such a mechanism was also found in

quantum-dot structures,40 where carriers in the wetting layer

with low kinetic energy (near the Ŵ point) are scattered into

quantum dots.

The photoemission study was extended to inspect �0 of

GaSb (Ref. 20) and In0.53Ga0.47As, as shown in Figs. 4(c)

and 4(d), respectively. The values of �0 (Table II) are

obtained as 794.8 ± 0.03 meV (GaSb) and 332.8 ± 0.3 meV

(In0.53Ga0.47As), which agree with the reported values of

796 meV (GaSb)24 and 329.6 meV (In0.53Ga0.47As).26 The

identified feature is also confirmed by observing an onset of

the yield (a change in the slope). It is thus found that the second

derivative peak at 365.4 meV for In0.53Ga0.47As [Fig. 4(d)]

corresponds to the GaAs-like LO(Ŵ) phonon (32.6 meV), in

agreement with the value of 33.3 meV reported by Adachi.41

The feature associated with the InAs-like phonon cannot be

confirmed, probably due to much weaker coupling between

the carrier and InAs-like phonon, compared to that between

the carrier and GaAs-like phonon, as confirmed by optical

reflection.42

In conclusion, we have directly measured valence-band

spin-orbit splitting and determined phonons participating in

IVB indirect transitions by using IPE spectroscopy. The VB

splitting energy of GaAs was found to remain unchanged,

although degenerate doping introduces appreciable band tail-

ings. The major role of optical phonons in IVB processes is

confirmed, providing experimental validation for evaluating

free-carrier IVB absorption. IPE results also indicate the

hot-hole dynamics in heterojunctions with dominant relaxation

through intravalence-band scatterings.
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