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Magneto-optical far-infrared absorption spectroscopy of the hole states of indium phosphide
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Far-infrared absorption spectroscopy in magnetic fields of up to 30 T of the zinc acceptor impurity in indium
phosphide has revealed for the first time a series of free-hole transiliangdau-related serigén addition to
the familiar bound-hole transitiondyman series as well as hitherto unobserved phonon replicas of both
series. Analysis of these data permits the simultaneous direct experimental determinatiprthef hole
effective masslii) the species-specific binding energy of the acceptor impuiiity,the absolute energy levels
of the acceptor excited states of both odd and even pdiitymore reliable, and in some cases the oqgly,
factors for acceptor states, through relaxation of the selection rules for phonon replicas, thed_O phonon
energy. The method is applicable to other semiconductors and may lead to the reappraisal of their physical

parameters.
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I. INTRODUCTION In general, any state may be labelech&§ of Oy, wherer is

the parity, denoted- or —, k takes on the values 6, 7, or 8,

InP is a direct-gag,=1.42 eV -V semiconductor alloy and n=1,2,3... is the sequence number for states of a
of tremendous technological importance in photor(jso- ~ given 7 and k in order of energy. While the symbail’y
tonics integrated circuits, laser diodes, light-emitting diodescompletely specifies the state it is sometimes convenient to
photodetectors, quantum-dot lasers, optical modulgtorsretain the atomlg notation and, for examlple, write the ground
electronics (high-speed, high-power applications, high- State as_$3,2(1F8) anq the flrst_ odd-parity excited state as
electron-mobility transistorgdoubld heterojunction bipolar 2Pa2(1I'g). The energies of excited states have not been sub-
transistory, and radiation detectiofmedical physics, solar Ject to as great theoretical or experimental investigation as
cells, neutrino physids Despite this, knowledge of the va- has the ground state; some limited values are given in Table
lence band and hole states remains relatively poor. The chiéf. Not only the energies of the states themselves, but even
p-type impurity deliberately incorporated into InP is Zn. In €nergy differences between states exhibit considerable varia-
this work, InP:Zn is examined in magnetic field to clarify the tion in Table IIl. For example, thel%/1I; difference is
appraisal of the parameters of hole-doped semiconductors.given variously as 19.31, 20.72, and 24.5 meV, a discrepancy

The ground-statébinding, ionization energyE, of a ge-  much larger than the resolution of typical spectrometers.
neric acceptor in InP has been calculated by Baldereschi and Transition energiesenergy differences between states
Lipari within a spherical modél, including cubic have been measured by electronic Raman scatt€ERS
contributiond and inversion asymmetfyWang and Chen and by absorption spectroscofglescribed hepe Such meth-
have Ca|cu|ate&A for a generic acceptor in InP using(ap ods do not yield directly the energies of the states them-
Hamiltqnian‘.‘ They include a centr_al-cell potential correction TABLE I. Ground-statéll’;) energyE, of InP:zn.
to obtain the energy of Zn impurity. Results of these calcu-
lations are summarized in Table I. It is notable that the Zn-

specific calculation differs substantially from each of the ge- Theoretical model mev e
neric calculations, underscoring the importance of theSpherical model, generi®Ref. 1) 35.2 283.9
central-cell correction, which is not easy to calculate with— including cubic termgRef. 2 35.20 283.90
precision. Experimental values &, have been determined _ _ jnciuding asymmetryRef. 3 36.3 2028
by photoluminescencdL) and also appear in Table |. These k-p Hamiltonian (Ref. 4 38.9 313.7
differ among themselves by 4.5 me&®bout 10%. . _ ,

Excited states of shallow substitutional acceptors in tetra-’ with chemical correction for Z(Ref. 4 47.2 3807
hedrally bonded semiconductors inherit the complex charac- Experimental method
ter of the valence band. Starting from a spherical médied
inclusion of spin-orbit coupling requires atom&states be PL, 4.2 K(Ref. § 45.5+0.8 367.0£6.5
denotedS;,,; the subscript gives the total angular momentumPL (Ref. 6 46.1+0.6 371.8+4.8
F. The P states becom®,,, P3,, and Pg;,. Adding first-  pL (Ref. 7 46.5 375.0
order cubic terms to the Hamiltonidaffects the Ps, state, p| (Ref. 8§ 47.0 379.1
which now splits into Pg»(I"g) and Pg(1'7), where the PL, 50 K (Ref. 9 5042  403+16

termsI'y refer to irreducible representations of thg @oup.
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TABLE II. Energies of some excited states of InP:Zn. features that move with field and are related to transitions
from the 1" ground state to the excited statd$;12'g, and
Cubic model ~ Cubic model PL 2I'; are indicated, respectively, &, EF, andDF. The su-
(Ref. 2 (Ref. 19 (Ref. 12 perscripts signify that these features are not the interstate
State meV meV meV transitions themselves, but their phonon replicas in reso-
18,5(1T%) 3520 378 42 nance with the valence band continuum, or Fano
8 resonances?
253/2(2F8_) 10.53 14.4 Fano resonances have been observed previously in many
2P15(1I%) 197 and various semiconductor systems. Here we restrict the dis-
2P3(1l') 15.89 17.08 17.5 cussion to the bound states of impurities. Fano resonances
2P 5(2I'g) 9.98 10.68 12.8 have been reported for shallow and deep donor and acceptor
2P ,(11°7) 7.32 9.8 impurities in Sit*-?4donorg® and acceptor® in Ge, Mn in

GaAs?’ and Li in ZnSe?8
The Fano functiorF(s,q)=(q+¢)?/(1+&?) involves the

selves. PL and ERS are sensitive to transitions in which parshape parameter and the dimensionless reduced energy

ity is conserved. Absorption spectroscopy is complementary, hoo—[Enge— i A

the dipole selection rules permitting transitions between &= hole ~ " ®@phonon

states of different parity. r/2

, 1)

wherefiw, Enge andfiwpnonon are, respectively, the photon,

Il. EXPERIMENT hole-transition, and phonon energyi,is the coupling param-
eter, andl’ is the spectral width. The Fano parameters may
e determined from the absorption spectrum by a simple

constructior?® Here > ¢ and the spectral width is almost

The samples studied here were bulk InP doped with Zn
1x 10" atoms cm?®, wedged to suppress optical interference

between front and back faces. A Bruker Model IFS 113Vthe same as for the parent transitions.

Four?er-transform infra}reo_l spectrometer equi_pped with a glo- In magnetic field the degeneracy of the acceptor energy
?arthght sourcg al\‘;'d I|qU|d-heIt|um—cooleo(Ij S! boligngtir de'states is lifted, analogously to the Zeeman effect in atomic
ec ng\f"S used. teaszremgg_?_wergtma emna ¢ .Th S‘lgph?{ydrogen. In discussing the effect of a magnetic field on
conduc I(I’jlg ngnehan a | fr_els(;s Ivé magnet. el Il'g bifferent hydrogenic systems it is convenient to introduce a
was conducted to the sample at field center via a meta 'gh&imensionless unit for the strength of the magnetic field. This

i n ndenser cone. Th mples were aligned with. . ; ;
?1%32)353 ;?alclieel tiethzoﬁeel q Tﬁize\l/vaz ?jso etheeilirgec?i?) N éflgconventmnally taken to be the ratio of the magnetic energy
P ' ugB (where ug is the Bohr magneton anB the magnetic

(unpolarized light propagation(Faraday geometlyin this a4 to the Rydberg energy Ry. This ratio is unity at the
arrangement= | B. magnetic field

Ry
IIl. RESULTS AND DISCUSSION By= M—, (2)
Figure 1 shows the transmission of InP:Zn in the energy ° ]
range 72-86 meV foB=0 and 10<B<30 T. Absorption Which has the value of 235052 T. Scaling for an acceptor
having first Luttinger parametey; in a semiconductor host
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FIG. 2. (Color onling Field dependence ofl — 1Ty transition
FIG. 1. Transmission of InP:Zn in the energy range 72—86 meV(G) and phonon replicagFano resonance€). The latter have
for fields B=0 (topmos}, 11.5, 12.5, 13.0, 13.5, 13.9, 14.9, 15.4, been reduced in energy liy, . The transitions are labeled accord-
15.9, 16.3, 17.1, 17.3, 18.0, 19.2, 20.4, 21.6, 22.8, 25.2, 26.4, 27.(qg to the notation of Ref. 34. The lines are given by E).using
27.6, and 28.2 T. the g factors stated in the text.

115211-2



MAGNETO-OPTICAL FAR-INFRARED ABSORPTION. PHYSICAL REVIEW B 71, 115211(2005

36 E LI | T TT | T TT | LI I T T | T TT | LI | TTTT :E 40 F TT T T T I TTT | rTT T rrrr | L L | LI B I32(j_-_
E1S,,(1T") — 28;,2T) E LB|<001> 86 © 1S,,(1I0") — 2P, ,(2T) ELB|<001> 195
35E £33 B b _ - 8% =
E :_ EF : 280 8.4 B @ + ®5) (em™)T (THz)
< - - WE ~ E - I
M3 L0 4 (om) £ (THo) : E FH- 55 300390
= E ++ F & E E 1
8 - 270% 536 I
2k 80 N ©5) T s
§ E o ES : * 2801
o E o L - - — == —— — — -+ i<} = 3
S * 7.8 = 1
£ 3E InP:Zn 260_55_ R E InP:Zn T
= * = ' 8.0
3 T=42K 76 E oL T
31 Eooa ot gl a bt oo baaag * 32 E 1 ,T, _, 4;2, I,< T NN FE N N |(6|’7|) Ll 260—-
10 20 30 40 0 10 20 30 40
Magnetic field (T) Magnetic field (T)
FIG. 3. (Color onling Field dependence oﬂ%—>21“§ transition FIG. 4. (Color onling Field dependence ofI’_g—>2Fg transition

(E), formally forbidden in this geometry, and three phonon replicas(D) and phonon replicagFano resonancgsthe latter have been

(EF). The latter have been reduced in energy#ay . The lines  reduced in energy bjw . The transitions are labeled according to

given are least-squares fits. the notation of Ref. 34. The lines are given by E2). using theg
factors stated in the text.

Ry =Ry/vy,e® and the effective Bohr magnetqm;: YViMg
and so ER = us(md; +m°gh)B +[qf + (a5 + )mPIB?,  (4)

. 1 Ry Wherem:t%, i% is a spin quantum number characterizing
Bo= 2 ug ) the state, here given within tiig notation, the termg andq
1€ MB .
are parameters of the material, and the Igbelenotes the

particularl'g state.

Taking v, to be 5.15(Ref. 30 for InP, 56258 T. This mag- Figure 2 gives the field dependence of the features asso-
netic field is also that at which the magnetic lengtheBis  ciated with the transition II;— 1I'; (G line) and its Fano
the same as the Bohr radiag. resonance$G"). For convenience of comparison, the Fano

It is usual to refer to fields beIO\ISi(*j as “low” and to fields  resonances have been shifted down in energy by the energy
above B, as “high.” At the experimentally highest field of the LO phonon. The zero-field positions of the parent line
B=30 T employed hefd36<0-5a and so in this sense all the and the Fano resonance do not precisely match; here the
fields employed here are “low.” More precisely, our interest(unreducedl coupling parametefF;=0.26 meV. The inten-
is to the extent that a theory of Zeeman splitting based osity of the lower-energy components decreases with mag-
linearg factors as developed via group theory by Bhattacharnetic field due to magnetic depopulation; only two compo-
jee and Rodrigu€? is expected to be adequate to describenents, those of high energy, are evident beyond 18 T. The
the results. It has been argued thataay field the atomic  selection rules permit four parallel and two perpendicular
notation is not strictly correct and that the states should beomponents to be observed in the parent transition. The se-
labeled by the high-fieldLanday notation, but this would lection rules relax for phonon replicdsWe attribute the
be an extreme view. It might be argued, on the basis thatew, higher-energys™ component to a transition forbidden
even the ground-state wavefunctions extend over many Bolin the parent series for this polarization. The larger number
radii,®2 that a better criterion for the onset of high field is of components now available allows us to reanalyze the
when the magnetic length is nap, but rather, say, 1.  splitting pattern and determine tigefactors of the I'y and
According to this argument, a high field would be only 1I'; states with greater confidence than previously. We find
Bo/100, or~0.6 T in InP and~0.3 T in GaAs. Such a cri- that the ground state I'f has g;=+0.83+0.06 and
terion appears unduly conservative in light of the experimeng,=-0.12+0.06, and the excited statel'yl has gf
tal data published for these systems. Schritial,'! in a  =1.58+0.06 andj;=-0.72+0.06.
theoretical study, propose a rule of thumb that the linear
terms are adequate in describing the states to %g& or —
about 12 T in InP. However, it has been demonstrated in_ E
experiments inp-GaAs that the splittings of the magneto- <
transitions often follow a linear dependence to much highers £
fields and an explanation of that phenomenon gitfenften 5
the quadratic term is the same for the two excited states ant |

so is eliminated if the difference is calculated. Thisallows ™~ 1 rrrrrrrrrrrrprrrr T
accurate calculation aj factors using the linear approxima- 3 50 Phomnsgnergy (mf\(,)) 65 70
tion.

With magnetic field parallel to 4001) crystal axis, the FIG. 5. Landau-related series of lines. Fields are as for Fig. 1
energies of the four sublevels oflg state are given by except zero field is omitted.
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The E transition T's— 2I'; is formally forbidden by the FIG. 7. (Color onling Landau-related series and their phonon

selection rules for this geometry. Here the strong field in-"éplicas. The offset of the two series determings, the intercept
duces wave-function overlap, permitting the observation ofléterminesE,, and the slope determines,.
one component of th& line in absorption, confirming the
transition energy measured in ERS. Three phonon replicathese in energ}’ It cannot be the By,(1I;) state(see
are observedFig. 3). Even so, there are too few componentsTable lI); this splits to only four components in fiefd So we
to unravel theg factors of the P state. For this transition, rule out an excited state of Zn as the origin of the series. It
Fe=0. We speculate this is connected with both the initialmay be thought the series originates from another impurity in
and final states being of even parity. InP. This is unlikely, as the energy does not correspond to
At small fields(3 T), theD transition T'y— 2I'g broadens  any reported impurity: Be, Mg, C, and Ca have smaller ion-
and disappear®. At higher fields it reemerges, leading ization energieéthe Cd lines are nearby but do not matéh,
to a reassignment of the unperturbed energy on the basis & and Ge are far deepér.
magnetospectroscopy. Even so, the small number of In view of the series not being associated with bound
observed components was insufficient to allow the determistates, and the repeated spacing in energy with field, we at-
nation of theg factors of the P state. Here the effects tribute it to free-hole Landau-related levels. These have been
of magnetic depopulation are observed for feline, as  studied extensively in Ge, but not in IlI-Vs.
they were for theG. Only two components are observed A further fascinating feature arises in high fields: phonon
beyond 12 T, and only one beyond 18 T. Now, with thereplicas of the Landau series. Before discussing the data, two
Fano resonances includddp=-0.29 meV, four compo- limitations of the present experiments will be pointed out.
nents (one parallel rather than three are evide(fig. 4), First, absorption in a vacuum window prevents useful data
and at last they factors of the excited state can be estab-being taken from 88-92 meV, and the features all move
lished. These are determined to tﬁ=2.3810.08 and through this region as field is applied. Second, spectra were
95:—0.8110.08. recorded only to 112 meV. The highest-energy feature moves
ERS measurements have reported lines lab&edl, beyond this before the highest field is reached. To bring out
and 2, of energies 37.25, 39.51, and 40.99 M&¥. most clearly the weaker features, spectra taken at field were
Such energies are not accessible to our technique, lying iratioed with the zero-field spectrum. Such ratios are shown
the reststrahlen region, which extends frowB8 to 44 in Fig. 6 for 15.4, 22.8, and 28.8 T. At 15.4 T, only compo-
meV. In this range essentially all photons are reflected. Weents(c) and(d) are evident. At 22.8 T, componer(&, (b),
can access the phonon replica of this region—but no(c), and(d) are all observed. By 28.8 T, componed} has
transitions are observed at the corresponding energies, evemoved out of the accessible energy range.
at field. The energies of the Landau lines and their replicas are
Above the reststrahlen band a new series of lines emergeplotted against magnetic field in Fig. 7. The correspondence
Three components have been observed earlier to 17.5 T excellent. Unlike for thé&s andD lines, there is no offset.
but not identifiec®* five are reported here to fields of 30 T The energy difference between the two series directly gives
(Fig. 5). the phonon energy which we deduce from our data to be
Is this new series transitions to another excited state of Zhw o=43.1+0.3 meV. From the intercept we estimate the
impurity? If so, the level is extremely shallow, 43 meV com- ionization energy of Zn in InP to bE,=43.0+£0.8 meV. The
pared with 45.5-50 meV binding energfable |). In particu- ~ slopes allow the hole effective mass to be determined,
lar, it is not the linesC, 1, or 2, as it corresponds to none of M,=0.59+0.02.
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