AlP | e

Optical properties of donor-triad cluster in GaAs and GaN
J. Souza de Almeida, A. J. da Silva, P. Norman, C. Persson, R. Ahuja, and A. Ferreira da Silva

Citation: Applied Physics Letters 81, 3158 (2002); doi: 10.1063/1.1515121

View online: http://dx.doi.org/10.1063/1.1515121

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/81/17?ver=pdfcov
Published by the AIP Publishing

Over 700 papers &
presentations on
multiphysics simulation

NH COMSOL



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1872294094/x01/AIP-PT/COMSOL_APLDL_011514/2013_700-user-presentations_1640x440.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=J.+Souza+de+Almeida&option1=author
http://scitation.aip.org/search?value1=A.+J.+da+Silva&option1=author
http://scitation.aip.org/search?value1=P.+Norman&option1=author
http://scitation.aip.org/search?value1=C.+Persson&option1=author
http://scitation.aip.org/search?value1=R.+Ahuja&option1=author
http://scitation.aip.org/search?value1=A.+Ferreira+da+Silva&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.1515121
http://scitation.aip.org/content/aip/journal/apl/81/17?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov

APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 17 21 OCTOBER 2002

Optical properties of donor-triad cluster in GaAs and GaN

J. Souza de Almeida

Instituto de Fsica, Universidade Federal da Bahia, Campus Univérgitale Ondina, 40210 340 Salvador,
Bahia, Brazil and Condensed Matter Theory Group, Department of Physics, Uppsala University,

Box 530, SE-751 21 Uppsala, Sweden

A. J. da Silva
Instituto de Fsica, Universidade Federal da Bahia, Campus Univérgitale Ondina, 40210 340 Salvador,
Bahia, Brazil

P. Norman
Division of Computational Physics, Department of Physics and Measurement Technologpijndnko
University, SE-581 83 Linkwng, Sweden

C. Persson and R. Ahuja
Condensed Matter Theory Group, Department of Physics, Uppsala University, Box 530, SE-751 21 Uppsala,
Sweden

A. Ferreira da Silva®
Instituto de Fsica, Universidade Federal da Bahia, Campus Univérgitale Ondina, 40210 340 Salvador,
Bahia, Brazil

(Received 24 June 2002; accepted 26 August 2002

The effect of the transition energy of three-donor clusters on far infrared absorptiofyjme
semiconductor materials has been investigated by a multiconfigurational self-consistent-field model
calculation and applied to GaAs and GaN systems. We show that it is crucial to consider the
many-particle correlation effects within three-donor clusters. With electron correlation taken into
account, the present results support the interpretation of a very recent unidentified peak energy
observed in absorption measurement of GaN as due to electronic transitions in these clusters. We
also corroborate the suggestion that tkeline in GaAs arises from such transitions. ZD02
American Institute of Physics[DOI: 10.1063/1.1515121

In a lightly n-type doped semiconductor, low- Heitler—London approximation, and by Golka and P,
temperature spectroscopic measurements exhibit a series who used a version of the Hartree—Fock procedure adapted
atomic like lines which correspond to the optical transitionsto a donor-triad cluster.Canuto and Ferreira da Sik/aal-
of isolated impurity atoms. As the impurity concentration cylated the dielectric function of the triad molecule using the
increases donor clusters rapidly become important. As thgy, initio self-consistent field SCP, or Hartree—Fock, and
clusters get more dense the absorption edge drops since o, second-order Mgller—Plesset levels of thédri? and

would expect that clusters with larger numbers of donors W'"they found anomalies in the dispersion. These authors have

absorb at low energies, below the ionization and transitior)Su ested that such donor-molecular confiqurations may be
levels of the isolated impuriti€s> Bajaj et al! have ob- 9 9 y

served a peak on the low energy side of tisetd 2p transi- r.espor?sible for structureles§ photoconductivity and absorp-
tion, denoted as lin&, in their spectroscopic investigations 0N tails observed at energies lower than the isolated donor
of donors in three different 11—V and 11-VI semiconductor €Nergy, but they all failed to obtain reliable results.
systems. With these investigations in mind, we have aimed the
The investigation of shallow donors in GaN-based widepresent work at investigating the line in n-type GaAs as
band gap semiconductors has recently attracted much interesell as the low energy peak in-type hexagonal GaN. The
as an important issue in the fabrication of optoelectronic anelectronic structure of the donor clusters is likely to be
electronic devices. Work to date has concentrated on thstrongly affected by electron correlation, and self-consistent
search for optical transitions of these donor impurifi€dln  field calculation is inadequate even to capture the qualitative
recent Fourier transformed infrared measurements-foe  characteristics of the absorption for relatively separated mo-
doped wurtzite GaN by Mooret al” an unidentified sharp  jocylar configurations. In this letter, we have therefore pur-

absorption line on the low energy side of the tb 2p tran- g0 the jnvestigation along the lines of a donor-triad-cluster

sition was obtalneq atacertaln.|r.npur|ty'cor'1centrat|on. HOW'model, but instead employed a multiconfigurational self-
ever, an explanation to the origin of this line was not pro-

vided. Since the position of the line is rather stringent, itgon5|stent field approach to electronic structure determina-

cannot be explained in terms of transitions between isolateHO_n' We show that by th? prgpgr inclusion of eIectr.on corre-
impurities. The first attempts to explain such low energieéat'on' the sharp absorption linéin GaAs as well as in GaN

were carried out by Nagasaka and Nafitaho adopted the ¢an be explained as electronigH H, transitions in three-
donor molecules.

In our model, the ionization energy from the; lttansi-
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FIG. 1. DifferenceAE=Egc— Eycscr in ionization energies as a function 25 26 27 28 29 30 31 32 33 34
of interatomic distanc®®. P(R) is the distribution function of the three-
donor molecule. Energy (meV)

FIG. 2. Imaginary part of the dielectric function for lin€in n-type GaAs.
tion corresponds to the energy required to promote an eled"® Nset shows the results of Bagg al. (Ref. 1.
tron from the three-donor molecule to the bottom of the con-
duction band. All calculations of the ionization potential of tNré€ separate neutral atoms, and thus, beyangtde SCF
H; were performed at thab initio multiconfigurational self- results are not rellable at all
consistent-field MCSCP level* Employing complete ac- _For doped s.em|c0nduct0.rs,*we only*negd a change of
tive space(CAS) reference states, thM-particle space is units. The effective Bohr radius, =a,/(E}"€) is obtained

determined by all possible excitations within the activefrom the experimental values of the ionization enefgy

space, whereas orbitals in the inactive space are kept doube d the low-frequency dielectric constant of the semiconduc-

occupied and those in the secondary space are kept unocctl?-r: €(GaAs)=12.4 ande(GaN)=10.0.
P y sP P The dielectric functiore(w) = €;(w) +i e,(w) describes

p|ed.. In_ the case of §f the natyral choice 'S an.actlve SPace o optical response of the material, and it is directly related
consisting of three elgctrons |n-three orbitals in order to aI—,[0 the absorptiona(w)= — IM{(G(w,R)))/m, where ((--))
low the co_mplt_ax to dlssomate_ln_to three separate_ hydroge eans average disorder of the Green's function
atoms. This gives a total variational space of eight spln_-propagatog_,ls-lsFor the ground state energies,

adapted configurations and a ground state of doublet spin
symmetry PA. For the cation K, the singlet ground state

1A was optimized with an identical CAS, thus including six
spin-adapted configurations. A standard, high-quality, aug\‘/vhereE?:Eo(H;)—Eo(H3) is the ionization energy of the
mented, correlation consistent, triple-zeta basis set given by west state of the three-donor molecules &R) is the

DU””'”Ql was employed, and we have used sphericalyriad distribution function at separatidty see Refs. 2 and 9.
harmonic like basis functions. Since a multideterminant deThe imaginary par%z of the dieletric function is obtained

scription of the wave function is imperative in order to breakfrom
chemical bonds, we expect the present ionization potential to

a(w)zf P(R)8(ho—E’(R))dR, (1)

be signifi_cantly improved for configurations with large inter- n(w)=n+ i fm a(w') de’ @)
atomic distances. 7)o 02— @2

In Fig. 1, we show the difference between ionizations
energies for triangular configurations determined at the elec- €2(w)=2 Ren(w)]Im[n(w)]. ()
tron uncorrelated SCKRef. 2 and the electron correlated The results fore,(w), which properly describes the po-

MCSCEF levels, respectively. Within the limit of separation sitions of the absorption bands, are shown in Fig. 2. Figure 2
the exactionization energy obviously equals that of the hy- includes both the SCHRef. 2 and MCSCF model calcula-
drogen atom. From Fig. 1 it is also clear that the SCF resultsions applied to GaAs doped with Si. Also in Fig. Rg,
suffer large discrepancies in interatomic separation abovstands for the peak positiodw is the width of the spec-
2ay. As we have pointed out, it is only in the MCSCF ap- trum, Aw/Pe, is the relative width, andPe,/E; is the per-
proach tnat the three hydrogens dissociate correctly inigentage of ionization energy.
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T T T From then-type GaAs, InP, and CdTe systems presented
" GaN in Ref. 1, as well as from the GaN:Si, GaN:O, and GaN:C

systems in Refs. 4—8, we observe that the transitions are
roughly related to E(1s—2p.)=0.76E] and E(X)

] =0.7%€(1s—2p.) which yield

1.0

1
z
1

o
o

T
Relative Absorption
3

08 |5 .. | E(X)=0.6E]" . (4)
oy, For recent experimental dataye show in Fig. 3, the full
o e S 1 curve of the expected linX, and compare it to the corre-
Energy (meV) prcacp ' MCSCF sponding calculated line for different ionization energies that
06 | monar unidentifieg®™Penmental GaN:0 correspond to GaN:Si, GaN:N3, and GaN:O. The calculated

MCSCF peak energi(X)=19.3 meV for the transition de-
rived from the ionization energy of oxygen in G4Ref. §

is in excellent agreement with the experimental finding of
04| - around 19.2 meV. Moreover, the transition at 16.7 meV re-
cently found by Mooreet al° is identified here a&(X) for

- GaN:Si withEE;=30.18 meV.

In conclusion, we have shown that MCSCF calculation
o2 | _ in conjunction with a modeled impurity system is a powerful
method by which to investigate optical absorption of donor
i clusters in semiconductors. We have found ttiptt is cru-

cial to take into account the all-electron screening, and by

e,(arb. units)

ool— b L4l R including these correlation effects we o@in explain the line
170 175 180 185 190 195 200 X in n-type GaAs at far infrared absorption as Si donor as-
Energy(meV) semblies composed of three-donor clustéis), identify the

observed low energy peaks in GaN:O and GaN:Si also as
FIG. 3. Imaginary part of the dielectric function for three-donor clusters in electronic transitions of triad clusters and, moreoviey, we
n-type GaN. The inset shows the relative absorption given by Mebw. predict a transition energy of 18.3 meV of the unidentified
Ref. 8. . . .
(Ref. 3 donor in n-type GaN. It is worth mentioning here that

_ . o Franze’® has shown that intercluster screening has only a
By proper inclusion of electron correlation in the three- minor effect on the electronic transitions.

donor cluster, we obtained significantly better agreement be- _ 3 _
tween the model calculations and the experimental refarlt This work was supported by Brazilian agencies CNPq
the e,(w). The MCSCF calculation presents a sharper pealdnd CAPES and by the Swedish Research Council.
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