Optical properties of Si-doped GaN
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The optical properties ofi-type GaN are investigated for Si doping concentrations ranging from

5% 10' to 7x 10'® cm 3. The photoluminescence linewidth of the near-band gap optical transition
increases from 47 to 78 meV as the doping concentration is increased. The broadening is modeled
in terms of potential fluctuations caused by the random distribution of donor impurities. Good
agreement is found between experimental and theoretical results. The intensity of the near-band-gap
transition increases monotonically as the doping concentration is increased indicating that
nonradiative transitions dominate at a low doping density. The comparison of absorption,
luminescence, reflectance, and photoreflectance measurements reveals the absence of a Stokes shift
at room temperature demonstrating the intrinsic nature of the near-band edge transitid897©
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The optical properties ai-type GaN depend sensitively et al’® reported a detailed study on yellow luminescence in

on the Si donor concentration. However, the dependence @aN, in which the excitation density was varied over several
deep-level transitio’s® and the overall radiative efficiency orders of magnitude.

on the Si doping concentration have not been reported. Both  The inset of Fig. 1 shows the near-band edge transition
an increase of the radiative efficiefcy and a decrease in of n-type GaN with different Si doping densities. Inspection
radiative efficiency® have been demonstrated for different Of the spectra reveals that the linewidth of the transition in-
dopants in GaAs and these trends are well understood. In thigeases from 47 to 77 meV as the doping concentration in-
publication, the radiative efficiency and the linewidth of the creases from &10'° to 7 10'® cm™>.

near-band-gap optical transition in GaN are investigated. Next the luminescence line broadening is modeled in

Furthermore, the radiative efficiency is measured as a funderms of potential fluctuations caused by the random distri-
tion of the doping density. bution of doping impurities. Randomly distributed dopants

The Si-doped GaN samples were grown by organome'-ead to unavoidable fluctuations of the doping concentration

tallic vapor phase epitaxfOMVPE) on the c-plane of a 9N 2 microscopic scale. These microscopic concentration

sapphire substrate. The samples were grown at 1100 °C witipctuations result in potential fluctuations. Assuming that
a growth rate of 2um/h. The diluted silane (Si§l doping these potential fluctuations are sufficiently large, a noticeable

precursor flux was systematically varied to achieve dopin roadening of luminescence lines will occur. To calculate the
densities in the range ob610%—7x 10% cm™23. The room otential fluctuations, it is assumed that their effect is limited

temperature photoluminescence measurements were pél?_dlstance to _the screening “’?‘d'us' namely the Debye or the
. - . homas-Fermi screening radius for nondegenerate and de-
formed using a HeCd laser, emitting at 325 nm, with an

excitation density of 3 W/ckh The luminescence is dis- generate doping concentrations, respectively.
persed in a 0.75 m spectrometer, detected by a GaAs photo:

multiplier and amplified using low-noise phase-sensitive n_t'ype Ga‘N' : — ' ' n-type GaN
“lock-in" amplification. 251 No = 7108
The room-temperature photoluminescence spectrum of a =~
Si-doped GaN sample is shown in Fig. 1. The spectrum dis- £ 20
plays an intense near-band edge transition which has beer §
attributed to band-to-band recombinafias well as to exci- § 151
tonic recombinatiori ' The strong intensity of the near-
band edge transition is indicative of the high quality of the '§ 1ok |3a08em=
epitaxial films. E
In addition to the near-band-gap transition, there is a =~ | —
weak transition centered at 2.2 eV which is commonly 2 . .
known as the yellow luminescence lié This line has been | 82 33 34 35 eV
proposed to be due to defects, with Ga vacaritiasd iron 0 20 25 0 as
impurities-? being possible candidates. Recently, Grieshaber ENERGY hv (eV)
FIG. 1. Room temperature photoluminescence spectrumtgpe GaN at
@Electronic mail: efs@bu.edu an excitation intensity of 3 W/cfn The inset shows the near-band edge
BCurrent address: Alcatel, Marcoussis, France. transition forn-type GaN doped at different Si concentrations.
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The electronic donor and acceptor charge within the
sphere defined by the screening radius is given by

Q=e(Na+Np) (4373, )

wherer g is either the Debye or the Thomas—Fermi screening
radius ande is the elementary charge. Assuming Poisson-
distributed dopants, the mean charge fluctuation is given by

AQ=\e(Na+Np)(4/3)ar?. 2

From the charge fluctuation, the standard deviation of the
potential fluctuation can be calculated. The potential at the
locationr caused by a charg#Q located ar; is given by the
screened Coulomb potential

d@(r—ri):d—Qex;{—u), ©)

4relr—r| s

where € is the permittivity of GaN €,=9.0). Invoking the
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FIG. 2. Experimental linewidth of the near-band edge transition-tfpe
GaN as a function of the doping concentration. Also shown are the theoret-
ical thermal broadening and broadening due to random impurity concentra-

superposition principle, we obtain the total potential by inte-;op, fiuctuations.

grating over all the differential charges, with the result

dQ [r—r;] lent agreement with the calculated broadening due to poten-
‘D(f):j A XA ——— . (4)  tial fluctuations caused by the random distribution of dop-
v dme|r—r s ants

The average potential deviation is then given by

\/N %
e ( D+NA)§’TFrs
b=

A e

Note that band filling is not taken into account in the
model presented here. Band filling effects do not play a role
1 for n<N., whereN, is the effective density of states in
Ad= Vv qu)(r)dv’ ®) Gan®® Band edge fluctuations due to the random distribu-
tion of impurities have also been calculated by K&rend
wheredV=4|r|?|dr|. This integral can only be evaluated by Morganl’ The result of these authors also includes the
numerically. In order to obtain an analytic expression, it is,[(N;+N,)r dependence of Eq7). However the numeri-
assumed that the entire fluctuating charge is located in thga| value for the line broadening obtained by K&hand by
center of the sphere. The potential fluctuation at the averaggiorgart” is two times larger than the value given by Eg).
distance within the sphere, i.e., fat (3/4)rs, is then given  Thys the agreement of the model presented here with experi-
by mental data is clearly better.
The intensity of the near-band edge transition increases

markedly as the doping concentration increases. Figure 3
—(3I)(rg/rg) shows the peak intensity and the integrated intensity as a
d7re (3/drg function of doping concentration. The integrated intensity

increases by a factor of 6.5 as the doping density is increased

_ 2e \ /(ND+ N, Is o34 ©6) from 5x 10'® to 7x 10" cm 3. The relatively low intensity
3e 3 )

The broadening, i.e., full width at half-maximutRWHM),
of the near-band edge transition due to doping charge fluc-
tuation is then given by

2e? TS e
AEFWHMzﬁ (ND+NA) Te 2\/2|n 2, (7)

where the factor 22 In 2 accounts for the difference be-
tween the standard deviation and the FWHM of a Gaussian
distribution*

The experimental and theoretical data are compared in
Fig. 2. The FWHM given by Eq(7) and the thermal broad-
ening of the band-to-band transition, given by 1.8 kT, are
shown in Fig. 2. In addition, the total broadening of the two
uncorrelated broadening mechanisms is shown in Fig. 2. At
low doping concentrations, the experimental linewidth is in
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agre_ement with th_ermal broadening. In the eptire_ range Of|G. 3. Peak intensity and integrated intensity of the near-band edge tran-
doping concentrations, the measured broadening is in excedition of n-type GaN as a function of the doping concentration.
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T TosmK negr—bgnq edge transition of the unt;ioped sample is 47 meV
| which is in excellent agreement with the value of KIT8
Reflectance =45 meV (T=293 K) predicted for band-to-band electron-
= 11% \‘M hole recombination. This agreement along with the lack of a
= Stokes shift between absorption and emission show that the
g near-band edge transition is consistent with band-to-band re-
S | Transmittance combination.
f 0% — In conclusion, the room temperature optical properties of
'§ GaN have been investigated for Si doping concentrations
£ | Photoluminescence ranging from 5<10'® to 7x10' cm™3. The luminescence
= intensity of the band-to-band transition increases monotoni-
Ph°t°'ew cally with doping concentration, indicating the presence of
0% ey \ luminescence killers in lightly doped GaN. The relevancy of
. L DL the recombination centers is reduced at high doping concen-
2.0 25 3.0 35 trations. A comparison of the luminescence energy with the
ENERGY hv (eV) band-gap energy as measured by absorption and reflection
FIG. 4. Reflectance, transmittance, photoluminescence, and photoreflet?-pec;troscopies shows that the near-band-gap transition is

tance spectra afi-type GaN with a donor concentration of<210*8 cm 3, consistent with the band-to-band and excitonic recombina-
tion mechanism. The analysis of the transition linewidth in

] ) ) ] _ . lightly doped GaN supports this conclusion. The lumines-

at low doping concentrations is attributed to nonradiative,ence linewidth increases from 47 to 77 meV as the doping

transitions. The lifetime of the nonradiative channel is deterycentration is increased fromxB.0° to 7x 10 cm 3.

mined by the nonequilibrium minority carri€hole) concen-  the proadening is consistent with the broadening predicted

tration and the concentration of traps participating in the '®hy a model which takes into account the concentration fluc-

combination. Inn-type semiconductors, the trap recom- i stion of dopants.

bination rate is proportional ttNtp whereas the band-to-

band recombination rate is proportional ngg=Npp. The
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