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Electron doping turns semiconductors conductive even whey have wide fundamental band gaps. The
degenerate electron gas in the lowest conduction-banesstag. of a transparent conducting oxide, drastically
modifies the Coulomb interaction between the electronslamte, the optical properties close to the absorption
edge. We describe these effects by developingtaimitio technique which captures also the Pauli blocking and
the Fermi-edge singularity at the optical absorption grtbett occur in addition to quasiparticle and excitonic
effects. We answer the question whether free carriers mdaexcitonic Mott transition or trigger the evolution
of Wannier-Mott excitons into Mahan excitons. The protatgbn-type zinc oxide is studied as an example.



The field of semiconductor optoelectronics is expected tttinae its rapid growth in the future, driven, for instanbg,
the demand for efficient photovoltaics [1] or semicondudsers for high-bandwidth optical communication [2]. Degete
n-doping of a semiconductor introduces a large number ofdteetrons and, hence, leads to a high conductivity. In Qalet,
the transparent conducting oxides raise hopes for cudtge applications [3+-5] because they are transparent inisise
spectral range (due to their large fundamental band gapy@mductive (due to intentional or unintentionadloping). In these
materials, free electrons with a concentratioaf up to~ 10°° cm~2 form a free electron gas in the lowest conduction band
(CB) [6,/7]. Even for nominallundopedxides concentrations as largesad 0!’ cm 2 or even 18° cm~2 have been reported
[6,/€]. The effect of these free carriers on the optical progegis widely unknown; dramatic changes are expectedcisprectral
region which is most interesting for applications—the apton edge.

For undoped semiconductors, experiment [9, 10] and thebly donsistently describe excitonic states| [12] that d@t@n
the absorption below the fundamental band gap. They areddnsthe Coulomb attraction between electrons and holés tha
stabilizes the excited electron-hole pairs. In a degeabratdoped system a photo-induced electron-hole pair alsoacte
with the electron gas in the CB via different mechanisms|143; the screening of the electron-hole attraction is gigatly
increased by the free carriers. This has been investigateddtals|[15], excited semiconductors (Refs. 16/and 17 efiedences
therein), or two-dimensional electron gases in quantuntsvj&g, 19]. Only recently it is becoming the focus of expegirtal
studies for highly doped semiconductors such as the oxi]elsit also the technologically important nitrides|[20Haarsenides
[21].

For highly doped semiconductors, tessociationof the excitons, also called excitonic Mott transition|[2Bhs been pre-
dicted by theoretical studies of the reduced electron-tdéraction within two-band models based on the effecthass ap-
proximation; however, even though the vanishing of absonpgbeaks has been observed in experiments, the excitonit Mo
transition has never been clearly demonstrated experathefdr bulk semiconductors with a direct band gap. In additthe
filling of the lowest CB states becomes important and it iseveld that an excited electron-hole pair which interacth wie
Fermi sea still forms a bound state, the so-caNémhan exciton7, [13]. Due to the sharpness of the Fermi surface at low
temperatures and Pauli’'s exclusion principle, such Malxaitans cause a singularity of the absorption [13] at therfedge.

In a real material, the influence of the temperature and tiite fifetime of photo-generated electron-hole pairs bevathe edge
anomalies, which is why these many-body effects cannot berobd easily.

In this Letter, we generalize recent theoretical spectpgtechniques for the parameter-free calculation of appcoperties
including excitonic and local-field effects by accountiog &n additional degenerate electron gas in the lowest CBcapeure
the involved physics, since the CB filling as well as the addél free-carrier contribution to the dielectric screepare included
in the calculation of the many-body effects. Our approatiaged on the entire quasiparticle (QP) band structure fid,Jfence,
includes the non-parabolicity of the bands. Thereby, we gmhd previous models that merely relied on the effectiessn
approximation[13, 18, 23]. The present work accomplisheghallenging task of computing all Coulomb-interactroadiated
couplings of electron-hole paionsistentlyin an ab-initio framework. Despite recent efforts [14] such a completetineat
of the free-carrier-modified electron-electron interacthas not been achieved so far. We apply our approach to xide o
(ZnO) which is an especially interesting example, since @lundant in nature, cheap, and biocompatible. Due to dwefal
experimental results, it is an ideal test bed for this worlor&bver, due to the similarity of its band structure to thesof other
transparent conducting oxides, it is of prototypical cetegn ZnO has a band gap of 3.4 eV [6], a large exciton bindireggy
of about 60 meV/[24], and can easily baloped|[6].

For several yearsb-initio calculations based on many-body perturbation theory deetallescribe the QP electronic struc-
ture as well as the optical properties of non-metals [11]orter to treat excitonic and local-field effects, the BeSadpeter
equation for the frequency-dependent polarization fumdd is transformed into an eigenvalue problem for the elechrole-
pair HamiltonianH [11]. In the case of partially filled bands the wave-vectquetedent occupation numbeargk) andng(k) of
the Bloch valence banjdk) and CB|ck) states tak@on-integenvalues; we generaliZé to

H(cwk, cVK') = [627(k) — &2°(K)] 3¢ O Gue
+ /() = ()] | - W(ewk, V) )

+ zwcvk,c/\/k’)} e (K) — ny (K')].

The first summand in EJ.{1) represents the excitatioroofinteractingelectron-hole pairs with QP energie%P(k), v ={v,c}.
Their interactionis described by the statically screened Coulomb attraaifahe electron and the hole;W, as well as the
unscreened exchange-like term for singlet excitationst® account for the local-field effects |[11]. The optical atgtion
coefficienta (w) is derived from the frequency-dependent macroscopicaigteensors (w) that is obtained from the solution
of the eigenvalue problem fot [11].

In Fig.[da the QP energies and the electron-hole pair inieraaround the fundamental g&g are illustrated for undoped
ZnO [25] atT =0 K, i.e., for empty CBsric(k) = 0) and occupied valence bandg(k) = 1). As specified in the following,
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FIG. 1. (Color online) lllustration of free-carrier-inded effects on electron-hole pair excitations near the fmeddal band gap of ZnO. (a)
Electron-hole interaction (green wavy line) in the undopeaterial. (b) Additional free-carrier screening affedte electron-hole attraction
(dashed green wavy line). (c) Pauli blocking of the lowestst&es causes a Burstein-Moss shEbBMS of the absorption edge. (d) Both the
Pauli blocking as well as the modified screening affect tmm&dion of excitons. The solid lines describe the valengk@mduction bands

around the fundamental gap.

additional effects on the QP bands, their occupation, aaelixctron-hole attractiov have to be taken into account when free
carriers are present. Up to free-electron densities ofehdil?! cm 3, i.e., even for very heavilp-doped ZnO, the occupation
of CB states is restricted to the lowest €8 Summing the occupation numbey, (k) over the entire Brillouin zone yields the
free-electron density) = Qio Yk Ney (K); Qo denotes the volume of the unit cell.

First, the additional carriers cause an intraband contributbothé electronic polarizability [23] which influences therco
relation part of the electronic self-energy and, hence, ifiezdthe QP energiea?P(k) as well as the screened interaction
W. The most important consequence for the QP band structdine isand-gap renormalization (BGR) that lead&gon) =
Eg +AE§’GR(n) in the doped system [23, 126]. Since the line shape of the pbsarcoefficient is unaffected by this shift, its
discussion is delayed until the results are compared toriewpat (cf. Fig[3).

Seconglas illustrated in Fid.J1b arld 1d, the electron-hole ativadty is modified due to the electronic intraband polariza-
tion caused by the free carriers. Since in (undoped) ZnO tite Eadiusaé”o = 1.8 nm [24] of the lowest excitonic bound
state is large compared to the characteristic inter-atatisiances, the small-wave-vector limit is used to desdtileefree-
carrier-induced intraband contribution to the screeniDge to the strong dispersion and the non-parabolicity ofGBe this
approximation holds for the doped system in which the freetebns are restricted to a region within 14 % of EheM distance
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at a density of 18 cm=3. Hence, a free-electron-like tereas G2¢/q? for the intraband polarizability is added to the back-
ground dielectric constamnts = 4.4, whereq?,: denotes the Thomas-Fermi wave vector of free electronsdoura. Inside a
materialgre is modified by the background screening, icgs = drr/+/€efi- Adding this intraband contribution to the screening
(cf. Fig.[db) turns the screened Coulomb potentiain Eq. (@) into a Yukawa-like potentiaV [27]. This indicates that the
degenerate electron gas in the CB reduces the interactige & the electrons and holes.

Third, the Fermi energyr lies within the (non-parabolic) CBy when a degenerate electron gas is present. The respective
occupation number becomeg (k) = ©(&r — E%P(k)) in the low-temperature limit. Hence, the lowest CB statesiad thel”
point in reciprocal space are filled (see Fiy. 1c @hd 1d), vli@ccounted for by the difference of the occupation nusiver
Eqg. (3). This so-called Pauli blocking [2Bfeventsoptical transitions into these states. For that reason piead absorption
onset occurs at higher energies; this effect is known ast&uar$loss shift (BMS). Moreover, since the occupation-iem
factors in Eq.[(IL) ensure that only electron-hole pairsdionte to the excitonic Hamiltonian, also the influence & @B filling
on the electron-hole interaction (beyond the modified stngg is included.

Electronic-structure calculations are carried out ushg YiennaAb-Initio Simulation Package (VASP) [28]. The compu-
tational parameters are chosen as described in Ref. 25.eQudnstly, these results are used as input to set up the mixcito
Hamiltonian[[1). In this step, the influence of the dopinglumdptical absorption is included by taking the modified @ation
numbers as well as the influence on the screening into acc@ptical absorption into defect-induced electronic stagenot
captured by this approach. However, in contrast to photolastence measurements [29], no indications for suchibatitns
to the optical absorption are found [7] for shallow donorthvgoncentrations up to.&- 10*° cm~3. In addition, this approach
allows for a very fine sampling of tHespace around the pronounced, non-parabolic CB minimunedt ploint, hence, [25, 30]
free-electron densities as low as- 101 cm 3 can be resolved. The lowest eigenvalues and eigenstatis t#rye excitonic
Hamiltonian matrix (rank up tez 100,000) are obtained via iterative diagonalization [30]. Tregfiency-dependent dielectric
function is calculated by means of an efficient time-evolutscheme [31]. To account for finite temperatures and a fifete
time of the excited electron-hole pairs, as well as a limitefrumental resolution, a Lorentzian broadening ef 50 meV is
assumed for the absorption spectra.

As can be seen in Fig] 2 the absorption onset of undoped ZnGnigndited by bound excitonic states. The width and the
shape of the peak structure in the absorption spectrum bibleviundamental band gap emerge from two underlying exciton
series|[12, 32], which, however, are not resolved due to thadening on the order of the exciton binding energy. Eveangh
aboveEy only scattering states of the excitons occur, the spectsstili strongly affected by excitonic effects [12, 23]. $hs
known as Coulomb enhancement.

In order to understand the different effects that arise ftbhenmodified electron-hole attractioii and the CB filling, we
benefit from performingb-initio calculations since we investigate these effects separately first, eefibfree-carrier-induced
effects are combined for the comparison to experiment. Irsadtep, the impact of the free carriers on the screenetrahec
hole attraction is taken into accoult¥(— W). The optical-absorption curves in Fig. 2a illustrate i binding energies and
oscillator strengths of the band-edge excitons are reddeedo the smaller interaction range of the electrons aneshaVhile
the absorption edge starts to resemble the one of non-atitegaelectron-hole pairs, the influence of the additioraéening
due to the free electrons is small for higher photon enelgie&ig.2a).

The observation that bound excitonic states seem to vanishigh doping levels is interpreted as indication for a Mott
transition of the lowest electron-hole pairs. Previougsligts (see e.g. Ref. 33 and references therein) investigataddel
Hamiltonian consisting of a parabolic kinetic energy temd a Yukawa potential, finding that it has no bound statesfagrise
screening lengthgrr that fulfill the Mott criteriongrr-ag > 1.19. Usingé&es this relation yields a Mott density afy =
5.94- 10 cm~2 for which the excitonic Mott transition should occur in ZnThe spectra in Fid.]2a, calculated for the two
free-electron concentrations = 1.9- 10*° cm~2 andn = 4.8- 10'° cm 3, seem to support this picture, since the pronounced
excitonic peak disappears. However, the filling of the CBesthas yet been ignored.

Hence, in contrast to Fidl 2a, in Figl 2b solely the Pauli kilog is taken into account; this shifts the absorption onset
towards higher photon energiesrirdoped ZnO. More preciselfAEFMS(n = 1.9- 10" cm™3) = 0.137 eV andAEEMS(n =
4.8-10° cm3) = 0.236 eV is derived from the QP band structure. In addition,[Bigindicates that for increasing free-electron
concentrations bound excitonic statesbpersist below the QP band edge (including BMS), i.e. befiigw- AESMS(n). The
artificial increase of the height of the corresponding peekis increasing is related to the pronounced Fermi-edge singularity
[13] at the absorption onset: when the free-carrier scregis neglected this singularity of the absorption arises from the
growing Fermi surface and the modification of the effectilecton-hole attraction due to the CB filling [cf. the occtipa-
number factor in Eq[{1)].

Incorporating the Pauli blockingnd the additional screening term into the Bethe-Salpeter temudeads to the correct
physical description [cf. Eq{1)]. Hence, the resultingaiption coefficients shown in Figl 2c can be compared toraxeat.
The increase of the oscillator strength in Kify. 2b is cowtied by the intraband screening contribution. CompariggZe
to Fig.[2a reveals that the full approach yields Mahan-exelike features|[13] at the absorption edge. As shown béftow
Fig.[3, excitonic bound states still exist; they affect ths@ption line shape even when the binding energies arégitgy|
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FIG. 2. (Color online) The absorption coefficient of ZnO istpéd versus photon energy for ordinary light polarizatidhe situation without
doping (black curves) is compared to spectra calculatettéerelectron concentrations of= 1.9- 10'° cm2 (red) andn = 4.8- 10'° cm—3
(blue). In (a) the intraband screening due to the free alastis taken into account. The influence of the Pauli blocisrdgepicted in (b), and
in (c) both effects are included. The respective quasigartibsorption edges (increased by the Burstein-Mosg siétindicated by vertical
dashed lines.

small. However, due to lifetime, temperature, and instmt@lebroadening, the Fermi edge and the accompanying sirities

are smeared out; hence, in experiment the bound states taresotved as distinct peaks. The resulting similarity @ turves
in Fig.[2a andPc explains why it is difficult to distinguishtiveen the formation of Mahan excitons and a Mott transiticst j
from the absorption spectra.

In the literature the Mott density is heavily debated; muatalier or much larger values thamy = 5.94- 10'8 cm~3 have
been derived from measured spec [24]. To enlighten $isei, the binding energy of the lowest excitonic bound dtate
doped ZnO along with the corresponding oscillator streigtfiven in Fig[Ba. A rapid decrease of both by orders of maglei
with an increasing density of the degenerate electron gas is evident. Neverthelesipmric states with binding energies of
up to 2 meV and oscillator strengths as large as 7 % of the Yalute lowest bound excitonic state in the undoped material
still exist for electron densitiglarger than the nominal Mott densityy. Hence, no excitonic Mott transition occurs when the
full QP band structure, the additional intraband screeramgl the Pauli blocking are consistently taken into accolnstead,
these states are attributed to Mahan excitons. Mahan fauma fivo-band model__[_iS] that the binding energy only vanishe
for n — . However, since the decrease is continuous and the influgrim®adening effects is large, the behavior depicted in
Fig.[3a can readily be mistaken as a Mott transition of thétexc

The aforementionethtraband contribution to the electronic polarizability caudgdthe additional electrons is small com-
pared to thénterband screening due to the valence electrons. Hence, itstegatment within the QP framework is of minor im-
portance. In order to still account for the BGR when compatire calculated absorption spectra to measured ones, hdrikd
like description of the intraband polarization is suﬁidi@]. The approximate shiftSEgGR(n =1.9-10%cm %) =-0.213 eV
andAESCR(n = 4.8-10' cm~3) = —0.261 eV were taken into account for the discussion of the gitisor spectra depicted in
Fig.[3b.
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(solid lines) ofn-doped ZnO for ordinary light polarization, with= 1.9-10!° cm~2 (red) orn = 4.8-10'° cm~23 (blue). Measured curves
(solid lines with dots) are taken from REef. 7.

Comparing the calculated absorption coefficients to resadtasured for highly Al-doped ZnQ [7] shows very good agesgm
regarding the energetic position as well as the line shapleeofbsorption edge (Figl 3b). The absolute position of tiseb
and its small variatior) [7] for different doping levels cam dxplained by a blueshift (due to the BMS) and a redshift (duke
BGR) that largely compensate each othenfer 1.9-10° ... 4.8- 10 cm~2. Having merely used a model [26] to calculate the
BGR most likely explains the difference of less than 50 meween the measured and the calculated position of the afimorp
onset forn = 4.8-10'° cm~3. Overall, Fig[Bb impressively points out that accountiigutaneously for all relevant many-
body effects in the calculations yields an unprecedentezbagent of the absolute values of the frequency-depentsotgtion
coefficient with curves measured for doped ZnO. Thereby,iatey-conduction-band absorption is found to be neglafior
n<10tcm 3.

In this work, the band-gap renormalization, the Pauli bioglof optical transitions, the reduction of the electrarienat-
traction, and the occupation-induced modifications of theteon-hole interaction have been taken into account tamesistent
first-principles calculation of the frequency-dependdrstamption coefficient oh-ZnO. By disentangling the different many-
body effects and their modification caused by the free aarige came to a deep, quantitative understanding of thieater
interplay of excitons and doping in transparent conduaikides. An excellent agreement with experimental resutisgs that
our framework captures the involved physics. Finding no glete dissociation of the lowest bound excitonic state shihat
no Mott transition of the exciton occurs; instead, a Mah&a-¢xciton evolves in the doped system. The approach islyead
applicable to other highly doped non-metals and can easilgxtended towardg-doped systems.
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