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We report a systematic study of the near-infrared intersubband absorption in AlGaN/GaN

superlattices grown by plasma-assisted molecular-beam epitaxy as a function of Si-doping profile

with and without d-doping. The transition energies are in agreement with theoretical calculations

including many-body effects. A dramatic reduction of the intersubband absorption linewidth is

observed when the d-doping is placed at the end of the quantum well. This reduction is attributed to

the improvement of interface roughness. The linewidth dependence on interface roughness is well

reproduced by a model that considers the distribution of well widths measured with transmission

electron microscopy. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4751040]

AlGaN/GaN superlattices have attracted interest for

near- and far-infrared (1.3 to 143 lm)1–6 intersubband (ISB)

devices due to the large available conduction band offset

(>1 eV), and longitudinal-optical phonon energy (�90 meV),

respectively. These devices include light detectors and emit-

ters tunable by design in broad spectral regions that are rela-

tively inaccessible to other material systems. To measure

near-infrared ISB transitions in nitrides, however, large

charge densities (>1� 1018 cm�3) are typically required.

These charge densities are achievable only through heavy Si

doping. This Si doping has significant direct and indirect

effects on important device parameters such as transition

energy and linewidth that alter device performance. The

strong influence of many-body effects such as depolarization

shift and exchange interaction on ISB transition energies at

high charge densities has already been investigated.1,2,7 The

effect of doping location on the ISB properties has also been

explored, though no significant correlation was reported.2,8

This paper focuses on the indirect effects of heavy Si doping

on near-infrared absorption related to structural changes. We

carried out a systematic study of the optical and structural

properties of strained AlGaN/GaN superlattices grown on

free-standing GaN substrates with various continuous and

d-doping schemes. d-doping is an attractive technique to sig-

nificantly increase charge density when the maximum bulk

doping density is limited by the available Si source. We

found a dramatic reduction of the intersubband absorption

linewidth when using d-doping at the end of the quantum

wells (QWs) and we attribute it to improvement of interface

roughness.

The AlGaN/GaN superlattices were grown by molecular

beam epitaxy under Ga-rich conditions at 745 �C on low-

defect c-plane free-standing GaN substrates from Kyma

Technologies.4–6 The substrates were un-intentionally doped

for all but one sample that was semi-insulating. Nitrogen

was supplied by a radio-frequency plasma source with a

power of 300 W and a flow rate of 0.5 SCCM (SCCM

denotes standard cubic centimeters per minute at STP). Sili-

con was provided as an n-type dopant by a high-purity solid-

source filament cell. To determine the optimal doping

scheme, several continuous and d-doping profiles were

considered. A summary of the doping schemes is given in

Table I. The samples are structurally identical and differ

only in the doping scheme. Moreover, the samples F-1 and

F-2 are nominally identical in all respects (including doping

scheme), and the experimental results are shown in Table I

to illustrate the repeatability of the growth and absorption

measurements. The 15-period AlGaN/GaN superlattices

were characterized with high resolution transmission elec-

tron microscopy (HRTEM) and high-resolution x-ray dif-

fraction (HRXRD). Theoretical simulation of the x-ray

diffraction pattern using the commercial software package

Panalytical X’PERT EPITAXY combined with HRTEM

imaging allows for the determination of the well and barrier

thicknesses as well as the Al composition. HRTEM images

TABLE I. Summary of the results for intersubband absorption measure-

ments (transition energy and FWHM of dominant absorption peaks) for the

samples investigated in this study. The location of the d-doping is given in

parenthesis in ML from the beginning of growth of the quantum well. W,

well bulk doping; B, barrier bulk doping; and SI, sample grown on semi-

insulating substrate. PIA indicates result of photo-induced absorption

measurements.

Sample

Continuous

doping

Delta doping

position

Energy

(meV)

FWHM

(meV)

A W … 377 616 (PIA) 226 (PIA)

B WþB … 368 635 202 (PIA)

C WþB, SI … 436 688 177

D W W (10 ML) 675 94

E WþB W (10 ML) 654 98

F-1 WþB W (3 ML) 672 220

F-2 WþB W (3 ML) 709 224a)Author to whom correspondence should be addressed. Electronic mail:

omalis@purdue.edu.
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of samples E and F-1 (see Table I) are shown in Fig. 1.

Based on measurements conducted on the HRTEM images,

the samples were determined to contain on average 10 mono-

layer (ML) thick GaN QWs and 10 ML thick Al0.70Ga0.30N

barriers (1 ML is 2.6 Å thick). The capping layer consisted

of an additional 10 ML thick Al0.70Ga0.30N barrier. It should

be noted that for the given TEM sample thickness, contrast

on the HRTEM images reveals a 5.2 Å periodicity in the

[0001] direction in the GaN layers. This periodicity corre-

sponds to the GaN lattice unit cell that itself consists of

2 MLs. Thus, under the current imaging conditions, every

other monolayer from the unit cell is visible. Consequently,

this is limiting our layer thickness measurements to even

numbers of MLs. Silicon doping levels were calibrated using

secondary ion mass spectrometry. The bulk impurity density

for GaN was measured to be 4� 1019 cm�3. To further

increase charge density, d-doping was applied in several

samples during a growth pause of 5 min at the location indi-

cated in Table I, i.e., either close to the middle of the QW

(3 ML), or after the deposition of the QW (10 ML). During

this pause, the Ga, Al, and plasma shutters were closed. The

expected sheet charge density is 2� 1014 cm�2.

The optical properties of the samples were characterized

using Fourier-transform infrared spectroscopy on samples

polished into 45� multipass waveguides. Both direct and

photoinduced absorption (PIA) measurements were carried

out. In both measurements, a polarizer was used to isolate

the ISB transitions. For PIA, an optically chopped 15 mW

HeCd laser operating at 325 nm was used to modulate the

well electron density and the infrared absorption was meas-

ured in step-scan mode using a lock-in amplifier. All absorp-

tion spectra are normalized to the number of the passes

through the active region, coupling angle, and electric field

overlap. The electric field overlap was estimated by calculat-

ing the average value of the electric field over the active

region, assuming a node at the air-semiconductor interface.

The band structure of the AlGaN/GaN superlattices was

calculated self-consistently using the eight-band k�p model

with the nextnano3 software.9 The model includes screening

of the polarization fields due to charge redistribution (self-

consistent calculation). Photo-generated free-carrier screen-

ing was considered negligible because the optical pumping is

done at relatively low-power and below the band-gap (in the

near-infrared). A conduction band offset of 1.38 eV was

assumed based on experimental measurements of the AlN/

GaN valance band offset.10 The many-body effects, includ-

ing the exchange term, depolarization, and excitonic shifts,

were estimated using the method described by Tchernycheva

et al.1,11–13 The material parameters used in the calculation

are summarized in Ref. 14. The appropriate bowing parame-

ters for AlGaN were used when available. Otherwise, a lin-

ear interpolation was assumed. The effects of these terms on

the transition energy are summarized in Fig. 2.

Figure 3(a) displays the polarization-normalized ISB

absorption spectra of the three samples without d-doping (A,

B, and C). Sample A is the most lightly doped sample in this

study, i.e., bulk doped in the QW. The direct absorption

spectrum of this sample is dominated by a peak at 375 meV

(Fig. 3(a)), while the PIA spectrum is dominated by a peak

at 590 meV (inset of Figure 3(a)). The low energy peak is

attributed to transitions in the triangular well formed at the

bulk-superlattice interface, while the high energy peak is

attributed to the transition between the ground and the first

excited state in the superlattice. The dominance of the

FIG. 1. HRTEM images of samples E

(a) and F-1 (b), respectively. The GaN

layer periodicity in the [0001] direction

is 5.2 Å. Histograms represent the distri-

bution of GaN quantum well widths

obtained from image analysis. The solid

black line denotes a continuous fit of the

histogram in the inset of (b).

FIG. 2. Influence of the various many-body effects on the intersubband tran-

sition energy as a function of sheet charge density for a 2.6-nm QW with

2.6-nm barriers.
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triangular well in the direct absorption spectrum can be

explained by depletion of the superlattice due to Fermi-level

pinning at the AlGaN cap layer under equilibrium conditions

(Fig. 3(b)). The Fermi-level pinning in AlN has been esti-

mated to be up to half the band gap.15 In the PIA measure-

ment, in contrast, additional charge is pumped in the

structure from the valence band. This additional charge is

likely to mainly fill the ground state of the superlattice and to

produce the photoinduced signal at 590 meV. Since the PIA

measurement is sensitive only to the modulated absorption,

only the high energy peak is visible. The shift of the electron

density from the triangular well to the superlattice with

increasing charge density has been previously observed in

electro-modulated absorption measurements.16 Moreover,

our peak assignment is supported by the spectrum of the

slightly higher doped (bulk well and barrier doped) sample B

(Fig. 3). For sample B, absorption peaks at both 368 and

635 meV are visible in direct absorption measurements

(Fig. 3). The small increase in the superlattice transition

energy of sample B with respect to sample A is also consist-

ent with the increase in transition energy due to many-body

effects (Fig. 2).

Sample C is nominally identical in structure to sample B

but was grown on a semi-insulating substrate. In contrast to

the previous two samples, the superlattice transition is domi-

nant (Fig. 3). As discussed for sample B, the relative increase

in the intensity of the superlattice transition is accompanied

by an increase in transition energy, consistent with calcula-

tions of many-body effects (Fig. 2). To assess the accuracy

of the many-body calculations, the total charge density for

sample C was measured by Hall effect. A total sheet density

of 2.29� 1014 cm�2 was obtained, in agreement with the

total sheet density of 2.49� 1014 cm�2 calculated from band

structure simulations based on the nominal doping level.

Assuming this sheet density is split between the 15 QWs and

the triangular well at the bulk-superlattice interface, the pre-

dicted charge density for a single QW is 1.6� 1013 cm�2. At

this sheet density, the calculated transition energy of

677 meV is in good agreement with the observed energy of

688 meV. Moreover, the calculated transition energy for the

triangular well of 439 meV is also in agreement with the

observed energy of 436 meV (charge density for the triangu-

lar well is 2.52� 1013 cm�2). The quantitative difference

between the nominally identical samples B and C can only

be explained by the variability intrinsic to the MBE process

(samples grown 6 month apart).

The absorbance curves for the delta doped samples are

shown in Figure 4. Compared to the previous samples, the

low energy transition is considerably weaker. This is consist-

ent with the increased doping level. Moreover, the magni-

tude of the calculated absorbance was found to be in good

agreement with experimental results (within� 30%). The

increased absorption observed in experiment is likely due to

the spread of the d-doping distribution into the barrier mate-

rial, resulting in increased activation. The absorption line-

shape shows a strong dependence on the d-doping position.

For the samples doped at the end of the well (D and E), a full

width at half maximum (FWHM) of roughly 90 meV was

obtained. This result is comparable to typical FWHM values

reported in the literature for doped superlattices.2 We empha-

size that when the d-doping was removed (samples A, B, and

C) or placed closer towards the center of the well (samples

F-1 and F-2), the FWHM increased to roughly 200 meV. The

FIG. 3. (a) Absorbance spectra for samples A (blue), B (black), and C (red). Inset: PIA spectra for sample A. (b) Effect of Fermi-level pinning on the band

structure and electron density distribution for two total charge densities. The superlattice surface is at 100-nm.

FIG. 4. Experimental (solid) and theoretical (dashed) absorbance spectra for

samples E (black) and F-1 (red). Inset: Theoretical relationship between ISB

linewidth and rms of the well-width distribution.
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increase in FWHM is attributed to the difference in interface

roughness observed in the HRTEM images of samples E and

F-1 (Fig. 1).

To model the effect of interface roughness on broaden-

ing, the distribution of QW widths was determined from the

HRTEM images in Fig. 1. The resulting width histograms

are shown in the insets of Figure 1. In the case of sample E,

roughly 91% of the quantum wells were 10 ML thick, within

the accuracy provided by the image. Therefore, as expected,

the contribution to the broadening due to interface roughness

is minimal. For sample F-1, only 72% of the column thick-

nesses fell within 10 MLs. A continuous distribution of QW

thicknesses was obtained by fitting the histogram with a

smoothed series of Gaussians (Fig. 1(b) inset). The broad-

ened absorbance spectrum was obtained by averaging the ab-

sorbance curves for various QW widths weighted by the

distribution obtained from HRTEM analysis. In these calcu-

lations, a homogeneous broadening of 90 meV was assumed.

The resulting curve is shown in Figure 4. The calculated

FWHM for sample F-1 is roughly 200 meV, in close agree-

ment with experimental results. Furthermore, the experimen-

tal absorbance curve for F-1 has a high energy tail that,

according to our analysis, is due to the asymmetry of the

QW width distribution towards narrower width. Given the

qualitative and quantitative agreement between calculations

and experiments, we believe valuable structural information

can be derived from the absorption spectra. The inset of Fig.

4 shows the calculated dependence of the FWHM on the

root-mean square (rms) of the QW width distribution and

can be used to estimate the rms from experimental absorp-

tion measurements.

In summary, we have investigated the effect of doping

profile on the near-infrared ISB absorption line profile of

AlGaN/GaN superlattices. For low doping concentrations,

the spectra are dominated by ISB transitions in the triangular

well at the bulk-superlattice interface. As the doping concen-

tration increased, the relative intensity of the quantum well

transition increased. This trend was understood by account-

ing for the Fermi-level pinning at the surface. The accuracy

of the many-body calculations was verified using Hall-effect

measurements. Good quantitative agreement was obtained

for the energy and magnitude of the intersubband transitions

without modification of the material parameters obtained

from the literature. In addition, the location of d-doping in

the structure was found to have significant impact on the

intersubband absorption. The lowest FWHM (90 meV) was

obtained when the d-doping was located at the end of the

well. This value is in agreement with typical values obtained

in the literature for doped superlattices. Other doping

schemes resulted in increased broadening up to 220 meV.

The additional broadening was attributed to increased inter-

face roughness and was accurately modeled by considering

the distribution of quantum well thicknesses obtained from

HRTEM analysis. The results indicate that d-doping at the

end of the well results in the best performance since the ISB

absorption is enhanced while the linewidth is decreased. We

emphasize that the improved lineshape is due to interface

roughness improvement only, not to improved material qual-

ity. Material quality typically refers to material purity and

the density of structural defects. We have no reason to

believe that the d-doping in the middle of the well leads to

additional impurity incorporation. Moreover, the HRTEM

indicates no additional structural defects in the sample d-

doped in the middle of the well. The improvement of the

interface roughness may be due to the growth interruption at

the GaN/AlGaN interface needed for Si-atom accumulation.

During the 5 min pause, extra Ga atoms are consumed, leav-

ing behind a smooth surface for AlGaN growth that overall

improves the quality of the superlattice.
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