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Low-temperature reflectance spectra of a series of Si-doped GaN epilayers with different doping

concentrations grown on sapphire by metal-organic chemical vapour deposition were measured. In

addition to the excitonic polariton resonance structures at the band edge, interference oscillating

patterns were observed in the energy region well below the band gap. The amplitudes of these

oscillation patterns show a distinct dependence on the doping concentrations of the samples. From

the thin-film optical interference principle, an approach connecting the amplitude of the interference

oscillations and the impurity scattering was established. Good agreement between experiment and

theory is achieved. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4766188]

Gallium nitride (GaN) could be the most technologically

important material for fabrication of emerging solid-state

lighting devices. It has been extensively investigated in the

past decades.1,2 Usually, GaN epilayers are grown on foreign

substrates such as sapphire with advanced thin-film epitaxy

techniques due to the lack of large size native substrates.

Some nondestructive optical techniques such as photolumi-

nescence and reflectance spectroscopy are frequently

employed to investigate the optical properties of GaN epi-

layers and/or judge the quality of epilayers.3–5 In particular,

the optical reflectance measurements have been conducted to

make in situ monitoring the growth status of GaN epi-

layers.6–8 Interference patterns or oscillation structures are

commonly observed in these optical reflectance measure-

ments. Such interference patterns certainly carry important

information of impurity/defect scattering and even carrier

concentration in the epilayers. How to dig out this useful in-

formation from the measured oscillation structures in the re-

flectance spectra is clearly desirable for the growth and

quality justification of GaN and other functional epilayers. In

this letter, we attempt to link the interference patterns in re-

flectance spectrum of epilayer with the impurity/defect scat-

tering in the epilayer by proposing a theoretical model based

on the general thin-film optical interference principle. By

applying this approach to the simulation of the interference

patterns observed in reflectance spectra of an undoped GaN

and a series of Si-doped GaN epilayers below the fundamen-

tal band gap of GaN, we show that the amplitude of the oscil-

lation structures is exponentially dependent on the impurity/

defect scattering in the epilayers within low to moderate dop-

ing range.

Five GaN epilayers with different Si-doping levels

grown on c-sapphire planes using metal-organic chemical

vapour deposition (MOCVD), namely MA, MB, MC, MD,

and ME, were investigated in this work. The thickness of all

the epilayers is �4 lm. MA is intentionally undoped while

MB, MC, MD, and ME are doped with the flow rate of silane

(SiH4) at 0.012, 0.025, 0.05, and 0.1 ml/min, respectively,

during the growth process. Room-temperature Hall measure-

ments show that the carrier concentrations of MA, MB, MC,

MD, and ME were 5:02� 1015, 1:52� 1016, 6:18� 1016,

8:82� 1016, and 1:81� 1017 cm�3, respectively, and the

room-temperature Hall mobility of MA, MB, MC, MD, and

ME were 48, 930, 852, 841, and 677 cm2 V�1 s�1, respec-

tively. In the reflectance spectrum measurements, the sam-

ples were mounted on the cold finger of a cryostat (Janis,

CCS-150) with a varying temperature range from 10 K to

300 K. A high-pressure Xenon arc lamp (XBO 450 W/1 VS1

OSRAM) was employed as the light source. The monochro-

matic light was achieved by dispersing the white light of the

Xenon lamp with an Acton SP305 monochromator equipped

with a 1200 lines/mm grating, which was near normally inci-

dent on the samples. The reflectance signals from the sam-

ples were detected with a Hamamatsu Si p-i-n photodiode

and were collected by adopting standard lock-in amplifier

technique to enhance the signal-to-noise ratio.

A representative reflectance spectrum (solid line þ solid

circles) of sample MA at 10 K is shown in Fig. 1. Reflectance

spectra of the remaining samples show similar spectral fea-

tures with that of MA. From Fig. 1, the whole reflectance

spectrum can be divided into two distinct spectral regions:

the excitonic polariton resonance region at the band-edge4

(around 3.5 eV) and the interference oscillation region well

below the fundamental band gap. The excitonic polariton

resonance structures can be well simulated by an interacting

excitonic polariton model considering the two coupled polar-

itons associated with free exciton A and B, respectively.4,9,10

A representative simulation curve (solid line) was also

shown in Fig. 1. Detailed simulation and discussion have

been published elsewhere.4,10 Here, we concentrate on the

interference region that is marked out in Fig. 1, which is far
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away from the excitonic resonance region. Figure 2 shows

the interference oscillating curves (open symbols) of differ-

ent samples in the region well below the fundamental band

gap. The solid lines are the fitting curves with the model

developed in the present study and described in detail later.

As seen from Fig. 2, the interference oscillating curves of

different GaN epilayers with different Si doping concentra-

tions and almost identical thickness (�4 lm) show almost

the same oscillation period but different amplitudes and

phases. The noticeable difference in both the oscillation am-

plitude and the phase for different samples clearly reflects a

fact that the transmitted light within the epilayers experien-

ces very different impurity/defect scattering since the scatter-

ing of light by the GaN epilayer surfaces and the GaN-

sapphire interfaces can be reasonably assumed to be equal in

all the samples grown under almost the same condition

except the doping concentration. Following this idea and

starting from the general thin-film optical interference princi-

ple, we develop a simple but effective theoretical model to

interpret the experimental curves quantitatively, and thus

pave a way to get information of the impurity/defect scatter-

ing and even carrier concentration from the interference part

of reflectance spectrum of the epilayer.

It starts from a reasonable assumption that the oscilla-

tion structure in the longer wavelength region of the reflec-

tance spectrum is mainly caused by the multiple reflecting

beam interference, principally illustrated in Fig. 3. Since the

intensity of the third and afterward reflected light R2 and Ri

(i> 2) is much lower than the first two, namely R0 and R1, it

is thus very reasonable for one to consider only two beam in-

terference. Under these assumption and conditions, the

superpositioning wave of the two reflected light parts can be

written as11

RðkÞ ¼ R0 þ R1 þ 2
ffiffiffiffiffiffiffiffiffiffi
R0R1

p
cosd; (1)

where k is the wavelength of incident monochromatic light,

d ¼ 4pdn1ðkÞcosh1

k 6p is the phase difference of R0 and R1 (p is

the phase shift due to surface reflection), n1ðkÞ is the wave-

length dependent refractive index of epilayer (thin film), and

h1 is the angel of transmitted light from the normal line.

Because the interference occurs in the spectral regions well

below the fundamental band gap of GaN, the band-edge

excitonic absorption induced attenuation of the transmitted

light within the GaN epilayers can be neglected.12 On the

other hand, impurity/defect scattering is taken into account

as a major factor causing the intensity attenuation of the

transmitted light R1. In order to consider this loss, we intro-

duce a loss factor, namely c. Then, Eq. (1) can be modified

as

RðkÞ ¼ R0 þ R1e�c þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R0R1e�c

p
cosd: (2)

The factor c is clearly associated with the doping concentra-

tions in the epilayers.

FIG. 1. The low-temperature reflectance spectrum (solid line plus solid

circles) of sample MA. The interference region and its amplitude were

marked. A simulation curve (solid line) to the reflectance structures of the

excitonic polaritons with the interacting excitonic polariton model was also

shown. The excitonic polariton resonance region was also marked out by a

dotted rectangle.

FIG. 2. The measured interference curves (open symbols) of sample MA,

MB, MC, MD, and ME at 10 K. The solid lines are the simulating results by

using the theoretical model developed in this study.

FIG. 3. A schematic diagram of the interference process between GaN sur-

face and GaN/sapphire interface. I, R, U, and D (with corresponding foot-

notes) stand for the incident, reflected/transmitted waves as noted in the

figure. h1 and h2 represent the incident and transmitted angles, and n0 (¼1)

and n1 represent the refractive index in vacuum and GaN, respectively, while

d denotes the GaN epilayer thickness.
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By adopting the Sellmeier dispersion relationship of

refractive index13

n1ðkÞ2 ¼ A2 þ B2

k2 � C2
; (3)

in which A¼ 2.27, B¼ 304.7 nm, and C¼ 294.0 nm, the re-

flectance spectra of GaN in the spectral region well below

the band gap can be reproduced by combining Eqs. (2) and

(3). The fitting curves to the experimental spectra of different

samples are depicted as the solid lines in Fig. 2. Constant

baselines were adopted to subtract the backgrounds in the fit-

tings for sample MA, MB, MD, and ME, while a sloping line

was employed for sample MC. Good agreement between the

experimental results and the theoretical curves was achieved.

The amplitudes of the interference patterns extracted from

fittings are shown in Fig. 4 with the solid symbols against

the measured Hall carrier concentration. Clearly, the ampli-

tudes of the interference patterns in the reflectance spectra of

different samples show a very sensitive dependence on the

doping concentration within a low to moderate doping range,

which can be well fitted with a first-order exponential decay

function as shown in a solid line in Fig. 4. In fact, under the

low temperature condition (i.e., T ! 0), the carrier concen-

tration in Si-doped GaN can be expressed as14

Nc ¼
ND

2þ e
�Ec�EF

kBT

; (4)

where Ec is the energy at the bottom of the conduction band,

EF is the Fermi energy, ND is the donor concentration which

is equal to the Si doping concentration, and kB is the Boltz-

mann constant. From Eq. (4), we can see that the carrier con-

centration is basically proportional to the doping

concentration at low temperature. For the influence of possi-

ble acceptors or acceptor-like defects in the samples, it can

be safely neglected due to their low concentration which is

clearly indicted by the extremely weak acceptor related exci-

tonic emission line in the low temperature photolumines-

cence spectra of the samples (results not shown here).

Therefore, at low temperatures (i.e., 10 K adopted in the

present study), the carrier concentrations in the GaN epi-

layers can be reasonably thought to be linearly dependent on

the Si doping concentrations. This is why the amplitudes of

the oscillation parts in the measured reflectance spectrum

show an exponential decay on the carrier concentrations in

the epilayers. It should be mentioned that the amplitude of

the interference pattern quickly attenuates and tends to reach

a constant when the carrier density goes above �6:18� 1016

cm�3 in Fig. 4. This can be understandably explained by Eq.

(2). On the right side of this equation, a constant term (i.e.,

the first term) and two exponential decay terms (i.e., the sec-

ond and third ones) appear.

In summary, the interference patterns in the low-

temperature reflectance spectra of the intentionally undoped

GaN and a series of Si-doped GaN epilayers grown on sap-

phire by MOCVD were examined in depth. A theoretical

model taking into account the impurity/defect scattering

induced light loss in the epilayers was developed to repro-

duce the interference curves. The results show that the inter-

ference patterns in the longer wavelength region and the

theoretical approach can be jointly employed to dig out im-

portant information of the impurity/defect scattering and

even carrier concentration in GaN or other epilayers.
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FIG. 4. The amplitude of the interference patterns (solid diamonds) versus

the measured Hall carrier concentration of the samples. A first-order expo-

nential decay fitting curve (solid line) is also given.
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