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Int ra-im purit y tran siti ons of the M g acceptor in cubic phase Ga N were

measure d w ith the use of phototherma l ioni zation spectroscopy . A part from
the photoioni zatio n band several sharp features were detected , related to in-
ternal Mg {acceptor transitions. T he transitio ns w ere identi Ùed w ith the help
of e˜ective- mass model calculatio ns involving light- and heavy- hole as w ell

as spin{orbi t split- o˜ bands. T ransitions to resonant states, associated w ith
the spin{orbit split- o˜ valence band, w ere also identiÙed. T he determined
hole bindin g energy of the Mg acceptor in zinc- blen de GaN is 2 36 Ï 1 meV .

PAC S numb ers: 78.30.{ j, 71.55. {i, 71.55.Eq

1. I n t rod uct io n

D espite the rapid technological pro gress achieved in the devel opm ent of GaN
based devi ces p - typ e doping of GaN sti l l rem ains an im porta nt issue. Ma gnesium
is the m ost com monl y used im puri ty for p - typ e dopi ng of GaN, however, the hole
bi ndi ng energy of thi s accepto r was never di rectl y m easured and onl y estim ated
from photo lum inescence or electri cal exp eriments. The experim ental data obta ined
from the Ha l l ẽ ect m easurements yi eld a wi de range of therm al acti vati on energies
depending on the concentra ti on and degree of com pensati on, whi le the interpreta -
ti on of the resul ts of opti cal studi es, such as donor- to -accepto r tra nsi ti ons, requi re
assumpti ons regardi ng the donor involved (f or a revi ew see Ref. [1]). In thi s pa-
per we report di rect measurements of interna l Mg -rela ted tra nsiti ons wi th the use
of photo therm al ioni zati on spectroscopy . The tra nsi ti ons were identi Ùed wi th the
help of e˜ecti ve-mass m odel calcul ati ons.
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2 . Ex p er im ent al r esu l ts

The sam ples investigated were 490 nm thi ck, cubi c GaN :Mg Ùlms grown
on semi- insulating GaAs(0 01) substra tes by rf pl asma-assisted m olecular beam
epi ta xy. The room tem perature hole concentra ti on was 1 : 4 È 1 0 1 6 cm À 3 . Pho to-
conducti vi ty was m easured wi th the use of a BOM EM DA8 .23 Fouri er tra nsform
spectrom eter in the spectra l range of 50{ 500 m eV. The sampl e was placed on a
cold Ùnger of a Cryo Ûow cryo stat in an externa l sam ple chamb er. The sampl e was
i l lum inated wi th the KBr spl it beam of the Globar l ight source, passing thro ugh a
KBr wi ndow. Raw photo conducti vi ty spectra ta ken at 40 and 70 K are shown in

Fig. 1. Raw photo conducti vi ty spectra ta ken at 40 ( a ) and 70 K (b). T he emission

spectrum of the inf rared light source is show n for comparison (c ). T race d show s the

simulated photothermal ioniza tion spectrum at 40 K , taking 236 meV as the ground

state energy and a Gaussian line shape of 1 meV w idth.

Fi g. 1 (tra ces a and b, respectively). The data were ta ken at low spectra l resolu-
ti on (8 cm À 1 ) due to the weak signal. For compari son the spectrum of the infrared
l ight source (wi th the KBr beam spli tter) is shown (tra ce c). The photo conduc-
ti vi ty data were not correcte d for the spectra l dependence of the l ight source due
to the di£ culty of Ùlteri ng out the addi ti onal wa ter vapor absorpti on in the KBr
wi ndow.

3. T heor y

The valence band in zinc-bl ende GaN is fourf old degenerate in the À point
of the Bri l louin zone, whi ch consti tutes the comm on to p of the heavy and l ight
hole bands. The spin{ orbi t spl i t- o˜ band l ies appro xi matel y 20 m eV below. The
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Fig. 2. Scheme of the acceptor states.

valence band structure is depicted schemati cal ly in Fi g. 2. In order to calcul ate
the shallow acceptor states the who le 6 È 6 Ha mi l to nian describing al l these bands
has to be used. Al tho ugh the accepto r bindi ng energies in GaN are qui te high they
are sti l l m uch smaller tha n the band gap and the e˜ecti ve m ass theo ry can be
appl ied, especial ly for excited and resonant states. Al l sta tes were calculated using
the metho d described in the paper of Buczko and Bassani [2].

In the calcul ati ons the 6 È 6 Lutti nger{ Ko hn [3] Ha mi l to nian in the spheri cal
tensor representati on [4] wi th e˜ecti ve mass param eters ta ken from Ref. [5] was
adopted. In our m odel the potenti al of acceptor impuri t y is given by the Co ulom bic
part screened by the dielectri c consta nt and addi ti onal centra l cell correcti on term ,

U ( r ) =
A

r
eÀ Ùr ; (1)

responsible for the chemical shi ft of the ground state energy. Here Ù = 1 a.u.,
and A is an adjustabl e param eter. The tri al envel ope functi ons were expressed in
term s of spheri cal harm oni cs and radi al functi ons, and classiÙed accordi ng to the
i rreduci bl e representa ti ons of the T d group [2]. The radi al functi ons were chosen
of the form

f l =
X

i

c i r l eÀ ˜ ; (2)

wi th ˜ values coveri ng a wi de spectrum of length scales. Since the e˜ecti ve-m ass
Ha mi l to nian appl ied is invari ant under inversion wi th respect to the ori gin, the
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envel ope functi ons can be addi ti onal ly classiÙed as of even or odd pari ty . The
ground state is of even pari ty and the param eter A in Eq. (1) was adjusted in such a
wa y tha t the ground state energy agrees wi th the value of E = 2 3 0 meV estim ated
from photo lum inescence exp eriments [6]. W i th e˜ecti ve-m ass param eters ta ken
from Ref. [5] we obta ined A = 4 : 6 . In addi ti on to the ground state we found odd-
and even-pari ty exci ted states, as well as resonant states. The latter are connected
to the to p of spin{ orbi t spl i t- o˜ band and are present in the energy region of the
l ight and heavy hole bands (see Fi g. 2). They were di stinguished from spuri ous
soluti ons using the sam e m etho d as described in R ef. [2].

Fig. 3. Oscillator strengths of the optical transitions from the ground state (a) and the

Ùrst even-parity excited state (b) to odd- parity excited and resonant states. A Gaussian

line shape was assumed for every transition , w ith an amplitud e given by the calcula ted

oscill ator strength and a width of 0.5 meV . T he arrow s mark the onset of the valence

band continuum. T he shif t in the energy scale betw een cases (a) and (b) is due to the

calculated spin{orbi t splitti ng of the ground state (10. 4 meV ).

Fi nal ly, the oscil lato r strengths of the opti cal tra nsiti ons from the ground
state and the Ùrst even-pari ty exci ted state (rel ated to the spin{ orbi t spli t- o˜
band) to the odd-pari ty exci ted and resonant states were evaluated by calcul ati on
of the appro pri ate m atri x elements in the di pole appro xi mati on. The com puted
spectra are shown in Fi gs. 3a and b, respecti vel y. In the Ùgures a Gaussian l ine
shape was assumed for every tra nsiti on, wi th an am pl i tude given by the calcul ated
oscil lato r strength and a wi dth of 0.5 m eV. In Fi g. 3 only tra nsiti ons to di screte
states are shown. The arrows mark the positi on of the to p of the valence band.

4. D iscu ssio n

In contra st to absorpti on m easurements in photo conducti vi ty exp eriments
the intensi ty of the signal related to a parti cul ar interna l tra nsiti on depends not
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onl y on the oscil la tor streng th but also on the therm al ionizati on energy from the
Ùnal state to the valence band. At low tem peratures, tra nsiti ons to states lyi ng
cl ose to the conti nuum or wi thi n the conti nuum can be, hence, more intense tha n
tho se occurri ng at lower tra nsiti on energies. In photo sti mul ated current (Fi g. 1)
two relati vely broad features are observed, centered at about 230 and 250 m eV.
The exp erimenta l peak positi ons are consistent wi th num erical calculati ons for the
Mg -related tra nsiti ons to odd-pari ty bound states and resonant states, respectively,
pro vi ded tha t the Mg ground state energy is shi fted f rom 230 m eV (assumed
ini ti al ly f or the chemical shift calculati ons) to 236 meV, relati ve to the to p of
the valence band. Since the bi ndi ng energies of odd pari ty states are onl y weakl y
inÛuenced by centra l cell correcti ons, in contra st to the ground state energy tha t
depends strongly on the choice of param eter A in Eq. (1), a smal l shift in the
ground- state energy should hardl y a˜ect the form er.

The sim ulated photo therm al ioni zati on spectrum at 40 K is shown in Fi g. 1
(tra ce d ). Here, the l ine wi dth wa s chosen to m atch the experim ental spectra l res-
oluti on and, again, only tra nsiti ons to di screte states were incl uded. The ground
state energy was ta ken as 236 m eV and for the therm al ioni zati on the calcul ated
bound states energies relati ve to the to p of the valence band were ta ken. It can
be seen tha t the agreement between experim enta l data and calculati ons is qui te
sati sfactory but f or the l ine wi dth. The exp erimenta l peaks are much broader,
indi cati ve of stra in in the GaN layer. Thi s is not unexp ected due to latti ce m is-
m atch between GaN and GaAs, also preci pi ta tes of the wurtzi te phase, observed
in photo lum inescence,could add local ly to the overa l l stra in and contri bute to the
bro adening.

At lower energies an addi ti onal , weak photo ionizati on band was observed
(see Fi g. 1), wi th an onset at ¤ 1 5 0 m eV (the appa rent structure is enti rely due
to tha t of the IR l ight source). The onset agrees wi th the bi ndi ng energy of a
nati ve acceptor, com monl y found in zinc-bl ende GaN [6] and observed also in
the photo lum inescence of the sam ple studi ed. W i th increasing tem perature the
contri buti on of the nati ve acceptor to the photo current increases, whi ch m ight be
caused by the di ˜erence in hole capture rates.

5. Co n cl usion s

Interna l tra nsi ti ons of the m agnesium accepto r in zinc- blende GaN were
observed for the Ùrst ti m e in photo conducti vi ty . The tra nsi ti ons were identi Ùed
wi th the help of e˜ecti ve-m ass model calculati ons involving l ight- and heavy- hole
as well as spi n{ orbi t spl i t- o˜ bands. Transiti ons to the states associated wi th the
spi n{ orbi t spli t- o˜ valence band, superimposed on the photo ionizati on band, were
also observed. The hole bindi ng energy of the Mg accepto r in cubi c phase GaN was
determ ined as 2 3 6 Ï 1 m eV, close to the v alue estim ated from photo lum inescence.
An unstructured photo ionizati on band rela ted to a nati ve acceptor of ¤ 1 3 0 m eV
bi ndi ng energy was also detected.
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