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The electrostatic potential profile across the p-n junction of an InGaAs light-emitting diode with
linearly graded AlGaAs triangular barriers has been measured using off-axis electron holography.
Simulations of the junction profile show small discrepancies with experimental measurements in the
region of the p-and n-doped AlGaAs barriers, which are located away from the InGaAs quantum
wells. Revised simulations reproduce the measurements reasonably when a carrier-trap density of
6% 10'® cm™ in the AlGaAs barriers is subtracted from the dopant concentrations. The presence of
oxygen impurities is considered as the most likely reason for the reduction in doping efficiency.
© 2010 American Vacuum Society. [DOI: 10.1116/1.3244575]

I. INTRODUCTION

AlGaAs/GaAs heterostructures have received much at-
tention in recent years due to their novel properties which
make them suitable for optoelectronic applications, including
laser diodes, light-emitting diodes (LEDs), and high electron
mobility transistors. Al,Ga,;_,As/GaAs/Al,Ga;_,As quan-
tum wells (QWs) with triangular AlGaAs barriers have been
extensively investigated, with the objective being to improve
the carrier transport properties through the use of the linearly
graded barriers.>* However, unintentional impurities located
in the AlGaAs barrier layers have been reported to degrade
the expected performance of devices based on
AlGaAs/GaAs heterostructures.”™® Studies to determine the
nature of these impurities have been conducted using a range
of techniques including deep-level transient spectroscopy,5 7
secondary-ion mass spectroscopy,8 and photoluminescence
measurements.’ According to these studies, it has been found
that the photoluminescence intensity is inversely propor-
tional to the concentration of deep-level electron traps.5 The
threshold current of optical devices is also closely related to
the concentration of oxygen impurities.6

Dopant distribution and activation are critical to device
performance, since these parameters determine the electro-
static potential distributions within real devices. However, as
the dimensions of semiconductor devices decrease, direct ex-
perimental determination of the potential profile represents a
demanding challenge. Off-axis electron holography with the
electron microscope is an interferometric technique which
allows convenient access to both amplitude and phase infor-
mation. Since the phase shift of the electron wavefunction
depends on the local electric field distributions within the
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sample, the electron holography technique can be used to
provide quantitative information about electrostatic potential
variations in materials, with nanometer-scale resolution.’
Off-axis electron holography has been widely used to mea-
sure potential profiles associated with dopant distributions in,
for example, Si p-n junctions,m’ll and Si transistors,lz’13 in-
cluding one device having a 30 nm gate length.14 The poten-
tial distributions present within compound semiconductor
devices are also of considerable interest, but only a very
limited number of experimental holography studies have so
far been reported.15 -16 Moreover, very little attention has
been given to studying compound semiconductors which
have varying alloy compositions that cause variations in the
mean inner potential (MIP) of the material, which in turn
complicate hologram interpretation.

In this article, off-axis electron holography has been used
to measure the electrostatic potential profile across an
Iny,GaygAs LED p-n junction which has linearly graded
Al Ga,_,As barriers, where the concentrations of the Si and
Be dopants were also exponentially varied. A careful com-
parison between the experimental and simulated p-n junction
potential (V,,,) distributions allowed the density of carrier
traps in the AlGaAs layers to be determined.

Il. EXPERIMENTAL DETAILS

The samples were grown by molecular beam epitaxy
(MBE) in a VG V80H solid-source system, and the sample
cross section is schematically illustrated in Fig. 1. The epil-
ayers were grown on a semi-insulating GaAs (100) substrate
and consisted of (I) 1280-nm-thick Si-doped (n-type) GaAs
contact layer, (I) 210-nm-thick Si-doped (n-type)
Al,Ga,_,As barrier layer where the Al mole fraction (x) was
linearly graded from 0.05 up to 0.20 and back down to 0.05,
(IIT) 170-nm-thick undoped active region containing three
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FiG. 1. Schematic of InGaAs LED sample structure showing Al and In
compositions and nominal Si and Be concentrations. Growth direction is
from left to right. Region I: Si-doped n-GaAs contact; region II: Si-doped
Al,Ga,_,As barrier; region III: undoped triple In,,Ga,gAs/GaAs QWs; re-
gion IV: Be-doped Al,Ga,_,As barrier; region V: Be-doped GaAs; region
VI: Be-doped p-GaAs contact. Only the part of region I is shown in
schematic.

7-nm-thick In,,GaggAs QWs embedded in GaAs, (IV)
210-nm-thick Be-doped (p-type) Al.Ga,_,As barrier layer
where the Al mole fraction was linearly graded from 0.05 up
to 0.20 and back down to 0.05, (V) 40-nm-thick Be-doped
(p-type) GaAs layer, and (VI) 20-nm-thick Be-doped (p*)
GaAs contact layer. This electron holography study focuses
on the V), profile across regions I-V.

Samples suitable for observation by scanning transmis-
sion electron microscopy (STEM) and off-axis electron ho-
lography were prepared using a MultiprepIM wedge-polishing
apparatus using a wedge angle of 2°. The holography
samples were mechanically polished without ion milling
down to thicknesses, which overlap the optimum range
needed for holography analysis.”"8 This thinning procedure
is critical for minimizing the possibility of an electrically
inactive layer that might otherwise result from extensive ion
rnilling.lg’20 The optimum thickness range results from a
trade-off between the need for a strong phase signal against
the increasing background noise caused by increases in in-
elastic scattering with greater sample thickness.”' A thinner
sample area is necessary for STEM imaging and analysis.
Thus, Ar-ion milling was used for a few minutes at 3.5 keV,
with a current of 13 ©A and a milling angle of 5°.

Off-axis electron holograms were recorded using a Philips
CM200 field-emission gun TEM operated at 200 keV, as re-
ported elsewhere.” In the Lorentz imaging mode, a biprism
voltage of ~110 V was used, giving rise to interference
fringes with a contrast of ~40% and a spacing of 3.8 nm. An
effective pixel size of 6 nm was obtained in the recon-
structed phase image for a magnification of 20 kX at the
charge coupled device camera, and lateral averaging of ex-
perimental profiles over ten adjacent pixels gave significant
improvement in the nominal sensitivity.9 During the holog-
raphy observations, the samples were tilted by ~5° away
from the [110] zone axis about the substrate normal in order
to minimize dynamical diffraction effects,23 and reference
holograms were used to correct for any nonlinearities in the
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FIG. 2. (a) Annular-dark-field STEM cross-sectional image of InGaAs LED
showing barriers and active layers. Note that the bands of darker contrast
correspond to the Al Ga,_,As barrier layers in regions II and IV, and lines of
brighter contrast correspond to the three InGaAs QWs in region IIL. (b)
Corresponding composition profiles, from the line indicated in (a), which
confirm Al and In concentrations across entire layer sequence.

imaging and recording system.24 Z-contrast STEM images
were recorded using a JEM2010F TEM equipped with an
annular-dark-field (ADF) detector.

lll. RESULTS AND DISCUSSION

A typical cross section of the InGaAs LED sample, re-
corded in the ADF STEM imaging mode, is shown in Fig.
2(a). In this Z-contrast imaging mode, the image intensity ([)
is proportional to the atomic number (Z) of the specimen, as
given by the expression /~Z%, where the constant « has the
value of 1.7 in these experiments.25 Thus, the three InGaAs
QWs in the GaAs active layer (region III) are clearly visible
as the lines of brighter contrast. Moreover, the bands of
darker contrast correspond to the graded AlGaAs barriers
(regions II and IV) which have Al mole fractions that are as
large as 0.2. Figure 2(b) shows the corresponding composi-
tion profiles for the line indicated in (a), which are calculated
based on the measured Z-contrast intensities. Overall, the
profiles confirm the Al and In compositions across the entire
sequence of layers, which compare well with nominal values
when uncertainties in alloy compositions and experimental
measurements are considered. The top GaAs layer has darker
contrast than the GaAs buffer layer because of thickness cur-
vature at the front edge of the sample due to ion milling. This
thickness variation was taken into account when calculating
elemental compositions.
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FiG. 3. (a) Reconstructed holographic phase image of InGaAs LED. The
black arrows indicate positions of three InGaAs QWs. (b) Electrostatic po-

tential profiles V, V,,, and V,, from the line indicated in (a), where V,,, was

extracted by subtracting V, from V.

Figure 3(a) shows a reconstructed holographic phase im-
age of the InGaAs LED. The sample thickness in the ana-
lyzed area was estimated using the ratio between the ampli-
tude of the reference hologram and the reduced amplitude
caused by inelastic scattering.26 Using this relationship, the
sample thicknesses within the analyzed area were determined
to range from 100 to 200 nm. The values used for the inelas-
tic mean free path in the calculations are the published val-
ues of 67 nm for GaAs and 77 nm for AlAs,18 a linear inter-
polation of these two values for the Al,Ga,_,As layers, and a
value of 62 nm for Iny,GaygAs which was determined by
fitting to the experimental measurements.

The electrostatic potential profile was then extracted from
the thickness and phase information using the expression:27

2me  Ey+E
>< —_—

= Vi=CpVt=Cg(Vy+V, )t, 1
\E 2E0+E E E( 0 p-n) ( )

where e and \ are the charge and wavelength of the incident
electron, ¢ is the sample thickness, E is the electron kinetic
energy, E; is the electron rest energy, Cr, is an energy-related
constant (0.007 28 rad V™! nm™! for 200 keV electrons), V is
the electrostatic potential, and V,, is the MIP. The electro-
static potential profile labeled V is shown in Fig. 3(b) for the
line profile indicated in Fig. 3(a). The measured phase shift
results not only from the dopant distribution across the p-n
junction but also from the variation in V|,. Thus, its contribu-
tion to the electrostatic potential must be subtracted in order
to determine V,,_,. The V;, profile in the AlGaAs layers was
calculated using the published MIP values for GaAs and

JVST B - Microelectronics and Nanometer Structures

Chung et al.: Quantitative dopant profiling of p-n junction in InGaAs/AlGaAs light-emitting diode

C1D13

* Experiment
==m=e Simulation without impurities
-2.0 § = Simulation with impurities )
0 100 200 300 400 500 600
Position (nm)

~or L D Be)

1 017

Doping concentration (cm

10" E
o Dopant without impurities 3
* Dopant with impurities ]

100 200 300 400 500 600
Position (nm)

FiG. 4. (a) InGaAs LED V,,, profile comparisons between experiment and
simulations with and without carrier traps in AlGaAs barriers. The arrows
indicate regions of discrepancy between measurement and simulation with-
out impurities. (b) Concentration profiles of donors (region II) and acceptors
(region IV) with and without carrier traps in AlGaAs barriers.

AlAs," and assuming that the MIP varied linearly with Al
mole fraction. Furthermore, the MIP difference of 0.2 V be-
tween the In;,GaygAs and GaAs layers was utilized in the
calculation, which was determined by fitting to the measure-
ment. Linearly graded MIP differences were used at the
InGaAs/GaAs interfaces rather than abrupt values because
the phase images of the interfaces were not ideally sharp due
to insufficient sampling of holography measurements. The
result is also shown in Fig. 3(b), together with V..

The V,, profile was simulated using a one-dimensional
Poisson solver”® and with the published doping efficiency
values of 83% (Ag;) for Si-doped Al 1Gag goAs,” and 75%
(Ag.) for Be-doped A10,65Ga0,35As.30 The experimental mea-
surements provide the electrostatic potential profile within an
arbitrary voltage offset, which was chosen so that both the
measured and simulated V,, profiles were zero in the GaAs
contact layer (region I). By comparing the experimental and
simulated profiles in Fig. 4(a), it becomes apparent that the
experimental V,,_, profile in the n- and p-doped AlGaAs bar-
riers near the GaAs active layer shows some discrepancy
with the simulation, as indicated by the arrows.

The absolute accuracy of these measurements has been
improved by lateral averaging of the potential profiles to
approximately 0.03 V, which is close to the maximum dis-
crepancy between the experimental and simulated profiles.
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However, the shape and, most importantly, the slope of V,_,
near and throughout the active region of this p-n junction
structure (which is depleted) is very sensitive to the doping
profile of the graded AlGaAs barriers on either side. Thus, it
is clear that the experimental holography results predict a
much reduced doping level in the graded AlGaAs barriers
near the barrier/active region interface than the nominal ex-
pected dopant levels that were based on prior calibrations of
Si- and Be-doped GaAs.

In order to improve the agreement with experiment, the
simulations were revised to include a reduction in doping
efficiency caused by carrier traps that could result from un-
intentional oxygen impurities in the AlGaAs layers. This ef-
fect can be described using the approximate expression:

n=AX Nnom_Ntrap’ 2

where n is the carrier concentration, A is the efficiency of
dopant activation, N, is the nominal doping impurity con-
centration (Si or Be), and N, is the carrier-trap density. The
electrostatic potentials for the experimental measurements
and simulations with and without carrier traps are compared
in Fig. 4(a). The potential simulation using N, densities of
(6+1) X 10'® cm™ agrees reasonably with experiment, espe-
cially in the p- and n-doped AlGaAs regions. The dopant
profiles with and without the presence of carrier traps are
compared in Fig. 4(b), showing that the effect of these traps
on doping efficiency becomes dominant as dopant concentra-
tions decrease near the barrier/active region interface.
Finally, it can be asserted, although not proven here, that
these results are consistent with reports in the literature
where it has been found that unintentional oxygen impurities
in AlGaAs layers grown by MBE act as deep-level nonradi-
ative centers,”® with typical concentrations ranging from 1
X 10" to 1X 10" cm™ depending on growth conditions.*®
It has also been reported that the typical carrier-trap densities
range from 1X 10" to 1 X 10'7 cm™ depending on Al mole

fraction and growth te:mperature.4’7

IV. CONCLUSIONS

Off-axis electron holography has been used to map the
electrostatic potential profile across the p-n junction of an
InGaAs quantum well LED with nanometer-scale resolution.
Comparisons of the measured and simulated p-n potential
profiles indicated carrier-trap concentrations of 6
% 10' cm™ in the graded AlGaAs barriers of the LED away
from the InGaAs regions.

Overall, this study has confirmed the ability of electron
holography to provide useful quantitative information about
dopant distributions across graded heterojunctions. More-
over, electron holography measurements combined with
straightforward modeling should provide growers with a
powerful tool for monitoring the effect of deep-level impu-
rity traps, such as oxygen, on the doping efficiency in com-
plex heterostructures.
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