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Abstract
. 4

This paper assesses the effects of Ge<doping ostithetural and optical (band-to-band and
intersubband) properties of GaN/AlGaN multi-quantwwvells designed to display
intersubband absorption in the short=wave, mid- tamdnfrared ranges (SWIR, MIR, and
FIR, respectively). The standatepblane crystallographic orientation is consideredviells
absorbing in the SWIR and MIR spectral regions, i@l the FIR structures are grown
along the nonpolam-axis. In aFcases, we compare the characterisficde-doped and Si-
doped samples with the same design and variousgldevels. The use of Ge appears to
improve the mosaicity of the highly lattice-misnfad GaN/AIN heterostructures. However,
when reducing the lattice mismatch, the mosaidtyather determined by the substrate and
does not show any dependence on the dopant nataosmecentration. From the optical point
of view, by increasing the dopant density, we obsexr blueshift of the photoluminescence
in/polar samples due to the screening of the iateetectric field by free carriers. In the

intersubband absorption, on the other hand, thera isystematic improvement of the

linewidth when using Ge as a dopant for high dopawgls, whatever the spectral region
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under consideration (i.e. different quantum wellzesi barrier composition and

crystallographic orientation).

Keywords: GaN, AlGaN, quantum well, intersubbamahpolar, doping, Ge

1. Introduction

GaN/AlGaN nanostructures have shown their potential the .development of new
intersubband (ISB) optoelectronic devices, with gussibility to, cover almost the whole
infrared (IR) spectrum [1,2]. Their large conduntiband offsets‘and sub-picosecond ISB
relaxation times support the development of¢ulstafahotonic devices operating at
telecommunication wavelengths [3-5]. Additionallge large energy of the longitudinal-
optical phonon in GaN (92 meV, 13 pm).opens praspkr THz quantum cascade lasers
operating at room-temperature [6,7]. GaN is trarspafor most of the IR spectral region,
namely for wavelengths longer than»360 nm, excepttlie Reststrahlen band (phonon
absorption band) located between 9.6 and 19 umgusplane GaN/AIN quantum wells
(QWs), the ISB absorption C@ be tuned in the-A.®um wavelength range by changing
the QW thickness from 1mm to 7 nm [8-12]. To shiie absorption towards longer
wavelengths, it is necessary to reduce the polasizenduced internal electric field in the
QWs, which can be attained by using ternary AlGaNibrs with reduced Al mole fraction.
Varying the geometry and composition of the bastidhe ISB absorption can be tailored to
cover thewrange up to 10 um [13-18]. Reducing B® transition energy below 60 meV
(wavelength >20 um) requires further band engingeto compensate the internal electric
field in the QWSs, which is only achieved by implertetion of complex multi-layer QW

designs [19-22]. The use of nonpolar crystallogi@phentations, particularly the-plane,
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is a promising alternative to obtain GaN/AlGaN QWithout internal electric field [23-25].

The development of ISB devices requires a finengrof the n-type doping. density,
particularly in photodetectors and switches, whheefirst quantum-confined energy:level,of
the conduction band has to be populated to all®@etein transitions to higher. levels. To
measure ISB transitions in GaN/AIN QWs, large retgioping densitiedNp> 1%103° cnis)
are required. The charge density has a signifitamtact on the transition energy and
linewidth due to many-body effects such as depodéion shift and exchange interaction, as
well as scattering by ionized impurities [8,23,28}2 Furtherm\ore, such doping
concentrations can introduce strain, eventuallgiteato structural defects [30] or roughness
at the heterointerfaces [31], which constitutesadditional. source of carrier scattering. In
general, studies of ISB transitions in lll-nitrideave been performed using Si as n-type
dopant, even though it is known that it introdutarssile strgin which can lead to a structural
degradation [30]. Ge is considered ‘as ‘an altemativtype dopant, with improved
performance in comparison to Sifordoping levalexcess of §cm 3 [32—35]. Thanks to

its ionic radius and metal-nitrogen bond:lengthikinto that of Gathe Ge occupancy of a

Ga lattice site is expected to induce. far lesgchatiistortions compared with Si.

In this paper, we assess theeffect of Ge dopintherstructural quality, band-to-band
and ISB properties,ofspolarplane GaN/AlGaN multi-quantum-wells (MQWSs) desigried
ISB absorption inthe short-wave (SWIR, 1.4-3 umj anid-infrared (MIR, 3-5 pm) ranges,
and of nonpolam-plane GaN/AlGaN MQWs, designed for ISB absorptianthe far-
infrared (FIR, >20 pim) demain. We systematicallynpare identical structures doped with

Ge and Si.

2. Methods
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The band structure and quantum-confined electregldavere modeled using the Nextnano3
8x8 k.p self-consistent Schrodinger-Poisson sol\8§] with the material parameters
described in ref. [37]. The structure was treatedne dimension. The simulation_covered a
section of the MQW superlattice including three QWi ith periodic boundary conditions.
With this simulation cell, we can confirm that tperiodicity of the structure is correctly

treated by checking that the results are identictie three QWs.

The MQW structures were synthesized by plasmaitassisiolecular-beam epitaxy
(PAMBE). Thanks to its low growth temperature, tteshnique.is parEcuIarIy adequate to
the fabrication of heterostructures with chemicallyrupt interfaces [38]. Furthermore, it
offers compatible growth conditions for tbglane and thex-plane of GaN [39], and Si and
Ge can be incorporated as dopants during the grpwattess, without perturbation of the
growth kinetics [35,40]. Fot-plane samples, the substra?es were eithendhick AIN-on-
sapphire templates with a dislocation density®® cn? (GaN/AIN MQW structures) or 4-
um-thick GaN-on-Si(111) templateésswith a dislocatiensity <5 x 19cmi? (GaN/AlGaN
MQW structures), both deposited by metalorganic ovaphase epitaxy. Fom-plane
samples, the substrates were”5 mm x 20 mm senlatmgym-GaN platelets sliced from
(0001)-oriented GaN _boules synthesized by hydrideapov phase epitaxy
(resistivity >16 Qcm, dislogation density <5 x 96m™). In all cases, the growth was
performed under slightly. Ga-rich conditions [243%541], at a substrate temperature of
720°C, and with a nitrogen-limited growth rate 0% GL/s (& 450 nm/h). A 200-nm-thick,
non-intentionally-doped, GaN buffer layer was defeskiprior to the MQW, which was
cappediwith 30=50 nm of AlGaN using the same Altenhas for the barriers. The GaN
wellsswere. doped with either Si or Ge, at concdiang in the 5x18 cm? to 6x106° cm2
range, as indicated in the list of samples in Tdbl€he doping level was calibrated by Hall

effect measurements in referenc@lane GaN:Si and GaN:Ge layers grown on AIN-on-
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sapphire templates.

The surface morphology of the layers was studiedtbgnic force microscopy (AEM) in
the tapping mode using a Dimension 3100 system.pEn@dicity and structuralproperties
of the MQWs were measured by high-resolution xd#fyaction (HR-XRD) using.a Rigaku
SmartLab x-ray diffractometer with a 4-bounce Gé@Jj22onochromator and a0.114 degree
collimator in front of the detector. Samples wenalgzed by high-angle annular dark-field
scanning transmission electron microscopy (HAADFMESI) performed in'an FEI Titan
Themis microscope operated at 200 kV. Cathodoluscierece (CL) me\asurements at 10 K
were performed in a Zeiss Ultra-55 field-emissioarsing electron.microscope fitted with a
Gatan MonoCL4 system, using an acceleration yvol@aig8 kv and a current of about
400 pA. The emission from the sample was collebied parabolic mirror and guided into a
grating monochromator equipped with a Iiquid-nitrog‘en-cdoleharge-coupled device
(CCD) camera. Spectral line-scans wererecordeth @it integration time of 1s per
spectrum. Photoluminescence (PL):spectra were rauatddy excitation with a continuous-
wave solid-state lasek & 244 nm), with-an excitation power around 100 fosused on a
spot with a diameter around 100 um. The emissiom fthe sample was collected by a Jobin
Yvon HR460 monochromator-egquipped with an ultreeti@nhanced CCD camera. To assess
the ISB properties of the MQWSs, transmission measents employing Fourier transform
infrared (FTIR) spectroscopy were performed usindgraker V70v spectrometer. For
characterizationin the SWIR and MIR ranges, théRF3pectrometer was equipped with a
halogen lamp and a nitrogen-cooled mercury—cadmieiliaride detector. All samples were
polished at 45° (sapphire an@#GaN substrates) or at 30° (Si substrates) to fiowritipass
waveguides allowing 4-5 interactions with the atiggion. For characterization in the FIR,
we used a mercury lamp, a Si beam splitter andianve€ooled Si bolometer. In the latter

case, two pieces of each sample were placed fafasdoon the cold finger of a helium-
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cooled cryostat. All the samples were tested insmaission mode using a polarizer adapted
to the targeted infrared region to discern betweertransverse-electric (TE) and transverse-

magnetic (TM) polarized light.

3. Experimental results

A. SWIR absorption in c-plane GaN/AIN MQW:s

We have studied a series of structures containbge&riods of GaNTAIN (2.8 nm/3 nm)
MQWs designed to show ISB absorption at 0.729 eV Q(lim), for low doping levels
(samples S11 to S16 in Table 1). Figure 1 showsettls of the structure and the conduction
band profile of one of the QWSs, including the logatof the first and second quantum-
confined electron levels and their associated mhwavefﬁnctions. Note that the potential
profile of the MQW displays the " triangular pattercharacteristic of GaN/AIN
heterostructures, due to the internal electri@fedsociated to the difference in spontaneous
and piezoelectric polarization between the welld toe barriers. The electric field results in
a redshift of the band-to-bandtransitions (quantamfined Stark effect) and a blueshift of
the ISB transitions with respect to square MQWH{.[Additionally, the fact that the gravity
centers of the wavefunctions associated to thé ficde level and the first and second
electron confined levels.are shifted along the gnoaxis leads to a decrease of the dipole
matrix elements associated to both of the bandataiband ISB transitions. Growth along
nonpolar crystallographic orientations, such as<thel00>m axis, inhibits the appearance
of internal electric field, with the resulting emtt@ment of the dipole matrix elements.
However; the lattice mismatch in the nonpolar psaisdarger, which leads to a high density
of'dislocations, cracks and stacking faults whenaherage Al concentration in the structure

exceeds: 10% [42]. Therefore, in architectures for ISB agdéxtronics, the use of nonpolar
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crystallographic orientations is restricted to amdlons in the FIR.

After growth, the periodicity of the structure waanfirmed by measuring-26 scans of
the (0002) x-ray reflection. Typical diffractograrits Ge-doped and Si-doped structures are
presented in Fig. 1(c), together with a simulatperformed with the Rigaku. SmartLab
Studio software. The simulation provides a goodadpction of the experimental result
assuming that the MQW presents the in-plane lagazameters of an AlGaN layer with the
average Al concentration of the MQW, i.e. the MQWusture is fully relaxed. This is
expected to be the case in view of the thicknesseoMQW, following the study in ref. [43].
The values of the MQW period extracted from theernsatellite. angular distance in the
diffraction pattern are summarized in Table 1. Alslee full width at half maximum
(FWHM) of the rocking curves was measured for tHN Aubstrate and the MQW zero-
order reflection [MQW 0 peak in Fig. 1(c)], obtaigian avérage FWHM of 0.190.01° for
Si-doped MQWs and 0.160.01° for. Ge-doped MQWSs, to be compared with
0.057+ 0.006° for the AIN-on-sapphire_template. The beyadg of the MQW rocking
curve in comparison with the substrate is due tairstrelaxation. On the other hand, Ge-
doped MQWs systematically preserit8% narrower rocking curves than their Si-doped
counterparts for all the doping.levels. This catien indicates that, for similar substrate
quality, Ge-doping results.in structures with bett®saicity than when using Si-doping.

To assess the_band=to-band properties of the MQNEsPL spectra of all the samples
were measuredrat 5 K. The results in terms of geaission energy are shown in Table 1,
and the spectra‘are displayed in Figs. 2(a) andB@th for Ge- and Si-doping, the spectra
present’a multipeak structure resulting from moyaidluctuations of the well thickness [8].
Increasing.the dopant density induces a blueshifte PL energy, which is assigned to the
screening of the internal electric field by thesfimrrierd44], as well as a broadening of the

emission peak, which is due to the Burstein-Mogscef45]. The total shift in emission
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energy and the energy broadening are similar fah lmpants. Calculated values of the

band-to-band transition energy obtained using theénano3 software are indicated by black
triangles in the figure. These calculations, whike into account the sample period and the
screening of the internal electric fields by fremrriers, provide a reasonable fit to the

experimental results. The agreement confirms tberporation and activationiof both'Si and

Ge in the QWs.

The vertical homogeneity of the MQW stack has betrdied by low-temperature
(10 K) CL, recording a spectral line-scan on a si®sction of sample S16 cleaved along the
growth direction. Figure 3 displays the obtaineéctal map, along with a sketch of the
sample. Following the growth axis, the MQW emissimmadens, redshifts and gains
intensity, which is explained by the gradual reteotaof misfit strain induced by the AIN
substrate, which can extend over 10-20 MQW perjagls Theoretical calculations predict a
redshift of 11 nm when the superlattice evolvesnfreeing fully strained on AIN to fully
relaxed.

To assess the ISB properties of the samples, thergation in the SWIR range was
measured at room temperature, by FTIR spectroscbgures 2(c) and (d) show the
normalized absorption spectg for TM-polarized tighs explained in the PL case, the
multipeak structure of the spectra is due to moreslshickness fluctuations in the wells [8].
The ISB absorption peak energies for the variongpées are presented in Table 1, together
with the magnitude of the absorption per pass. Vélee of absorption should be taken
cautiously, since the accumulated error associatéide calculation of the waveguide length
and incident angle can reaa20%. However, comparing S11-12 and S13-14, we can
conclude. the /magnitude of the absorption scalesatly with the doping density, as
expected, and a saturation is observed for S15h&h is explained by the Fermi level

approaching the excited state m these heavily doped structures. As expected, th
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absorption resonances are blueshifted when inorgdbe doping concentration, which is
due to many-body effects, namely exchange intemacand depolarization shift. The
magnitude of these effects has been quantifiecasritbed in ref. [46], giving the theoretical
transition energies indicated by black trianglesFig. 2. In general, the magnitude of the
spectral shift agrees well with the theoreticalestptions for both Si and Ge:Regarding the
absorption linewidth, we observe that Si-dopingd&eao stronger broadening of the
absorption peak, as summarized in Fig. 2(e). Tinuthis case, broadening is not dominated
by the scattering by ionized impurities or electedectron interaction, but rather by

interface roughness.

B. MIR absorption in c-plane GaN/AlGaN MQWs

To extend the study to the MIR range, the AIN lea&iwere replaced by AlGaN, and the
width of the QWs was increased. Therefore, thidy;focu;es on structures consisting of 30
periods of GaN/AJz:Ga.eN (4 nm/3 nm) MQWSs, designed to show ISB absorpin
240 meV (5.2 um) at low doping levelsy(samples &21526 in Table 1). A 2-nm-thick
region at the center of the GaN QWs was:homogehedoped with Si or Ge, to reach the
surface dopant densities described in Table 1.réigushows a sketch of the structure as
well as the conduction band diagram of one of thiésQn the middle of the stack. Typical
HR-XRD w-260 scans/of the (0002) reflection for these samplesshown in Fig. 4(c). The
diffractograms are complex due to the presencenofdditional multiple-heterostructure
close to the silicon/GaN interface with a periodc&0 nm. The purpose of this structure is
to maintain the GaN under compressive strain dutiregcool down process after growth,
thus preventing crack propagation. The simulatimsented in the figure does not take into
account the'buffer layer, and assumes that the Mi@dents the in-plane lattice parameters
of amAlGaN layer with the average Al concentratadrthe MQW, as it is expected [47]. By

comparison of the experimental diffractograms wfite simulation, it is possible to identify
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the satellites corresponding to the PAMBE-grown dN MQW structure and determine
its period. The results are summarized in Tablddditionally, the structural quality was
evaluated by measuring the FWHM of the rocking earfor the GaN template _and. the
MQW zero-order reflection. The resulting data, disted in Table 1, yields average values
of 0.189+ 0.005° and 0.18F 0.005° for Si-doped and Ge-doped MQWSs, respegctivelbe
compared with 0.208 0.005° for the GaN-on-Si(111) templates. We cancbeconclude
that the mosaicity of the samples shows no clepemigence on either the dopant nature or
the doping density, and is rather determined bysthestrate. <

Concerning the band-to-band properties of the MQiNs,low temperature (5 K) PL
spectra from samples with different doping levelsGe and Si.are presented in Figs. 5(a)
and (b), respectively. Increasing the Ge-dopingsiemesults in a slight blueshift of the PL
energy, as well as an asymmetric widening of thgp@ak towards the low-energy side. The
magnitude of the spectral shift, associated withgtreening of the internal electric field, is
significantly smaller than in the samples S11-Sé&&cdbed in the previous section, in spite
of the fact that the QWs are larger (4 nm.in S26-8®2be compared with 2 nm in S11-S16).
This reduced shift is mainly due to the reductidrih@ internal electric fields when using
Alo33Ga.eN barriers instead c{AIN. Looking at the PL spadtr Figs. 5(a-b), the emission
from S25 appears surprisingly narrow for a sampté such a high doping level. A closer
look at the spectrum reveals that the main emissmmsists of two peaks: a dominant
“narrow” line at.3.46 eV and a broader emissiorhigher energies, around 3.51 eV, with
similar characteristics.(in logarithmic scale, reltown) than the emission from S26.
Comparifig the two'samples, the emission at 3.46 eV in S25 is probably due tallped
emissionrat structural inhomogeneities, but we ribtl manage to identify such defects in

transmission electron microscopy images.

To assess the homogeneity of the MQW stack aloagtbwth axis, a spectral line-scan

1C
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of the low-temperature (10 K) CL was recorded otr@ss-section of the sample with the
highest Ge doping level (S26) cleaved along thevtiralirection (Fig. 6). In agreement with
the PL experiments in Fig. 5(a), the emission ftbenMQW, peaking at 355 nm (3.49eV),
is strongly asymmetric. Its intensity increasesglthe growth axis, but the spectral shift is
reduced in comparison with the GaN/AIN MQWs (seg. B), which is consistent with. the
smaller lattice mismatch with the substrate. Thmihescence from the AlGaN capping layer
is visible as an extra emission peak centered ara@2/ nm (3.79 eV). There is no
detectable emission from the AlGaN barriers, whpclints to a gooed charge transfer from

the barriers to the wells.

The ISB properties of the MQWs were measured. byRFa@l room temperature. As
summarized in Table 1 and illustrated in Figs. 5oy (d), all samples present a TM-
polarized absorption peak, which blueshifts foréasing daping levels. As in the SWIR set,
the absorption scales sublinearly with the:dopiegsity, which is justified by the high
doping levels that bring the Fermi level close 1o0ce even beyond. The spectral location of
the absorption resonance fits well with theoretwaulations of the ISB transition taking
the exchange interaction and.«depolarization shift account (indicated with black triangles
in the figures). When increasing the dopant comeéionh, the absorption peak broadens
significantly. As discussed for GaN/AIN MQWs, thact that the broadening is more
pronounced for the Si-deped samples [see Fig. B@)jts to an increase of the interface
roughness or the density of structural defectbpalgh no clear evidence of these facts were

identified in‘high=resolution transmission electricroscopy measurements.

C. FIR absorption in m-plane GaN/AlGaN MQWs

The design ot-plane GaN/AlGaN MQWs displaying ISB transitionstie FIR is hindered
by thewpolarization-induced internal electric fielhich leads to an increased carrier

confinement in the QWSs. Thus, nonpolar crystallpgra orientations are the most

11
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promising choice for the development of a GaN-bdS&ltechnology in the FIR range, and
we have decided to focus on timegplane to study the effect of Ge-doping. The 4Qegubm-
plane GaN/Ad.o75Ga.92dN (10 nm/18.5 nm) MQWSs presented here are repratficam a
previously-reported Si-doped series [29], desigeedhat, for low doping densities, two
electron levels are clearly confined in the QWsaed e, separated by 30 meV (41 pm,
7.3 THz), and the third electronic leves, & located almost at the conduetion band edge of
the barriers. In this case, the GaN wells were hgeneously doped with Ge, at
concentrations increasing from 5%@n? to 5x162cm?, as described in Table 1. Figures
7(a) and (b) show the schematic description ostmaples and the conduction band diagram
of one of the QWs in the middle of the stack, iatileg.the energy ofiee, and e and the
associated squared wavefunctions. Figure 7(c) stimevslR-XRDw-26 scan of the (3-300)
reflection of sample S33, containing the most hgaloped MQWs. The thicknesses of the
MQW periods for all the samples of the series &té@ from the intersatellite distance of
suchw-26 scans are listed in Table. 1, together with the R\ the rocking curves for the
bulk GaN substrate and the MQW zero=order reflec{@m011+ 0.001° and 0.013 0.001°,
respectively). The values of the FWHM are very tamior the substrate and for the MQW,
in agreement with the Si-deped, series [29]. In vadthese results, we conclude that neither
the dopant nature nor ‘the doping density modify Bf@W mosaicity, which is rather
determined by the substrate,

As an additional evaluation of the structural gyahkve recorded AFM images of the
samples, as illustrated in Fig. 8(a). The surfarescharacterized by atomic terraces, with a
root-mean-square’ (rms) roughness < 0.3 nm in 5x5 geans. Sample S32 was also
characterized by HAADF-STEM, as shown in Figs. &bdl (c), where layers with dark and
bright contrast correspond to the AlGaN barrierd @aN QWs, respectively. Cross-section

images of the stack do not show any extended defeeither dislocations nor stacking

12
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faults) over an in-plane length ef2 pum. Figure 8(c) shows two QWs in the middleraf t
sample viewed along the <0001> zone axis. In theidra, slight alloy inhomogeneities

appear in the form of darker lines parallel to @¢/ interface, as observed in_similar, Si-

©CoO~NOUTA,WNPE

11 doped structures [25].

13 The low-temperature (5 K) PL of the nonpolar MQVEsdisplayed .in Fig. 9(a). The
spectra consist of a main emission peak at 3.48r&)hating from the MQW and a weaker
18 emission about 100 meV higher in energy that isgass to the Ado7sGa.929\ cap layer.

20 The effect of the doping density on the emissioargy and broadenina Is negligible in the
range under study. This is due to the fact thet, fin nonpolar QWs there is no electric field
25 to be screened by carriers, and second, the sud@geant densities described in Table 1
27 should not have a large effect on the band-to-tea@sition (the shift due to band filling is
30 < 60 meV, and it is partially compensated by bapfgmormalizatiori4s]). The analysis of
32 the CL spectral line-scan on the cross-sectiorhefsample, presented in Fig. 10, confirms
that the Abo7sGan.o2dN emission originates from the cap layer and notnfrthe barriers,
37 where the generated carriers are fully transfetoetie QWSs. The emission from the QWs is
39 homogeneous in linewidth and.intensity all along $kructure, as it was also the case for Si-
doped QWs with the same stqcture and similar diogamsity [29].

44 The ISB properties 'of the structures were asselsgd€ll IR, and compared to the data
46 obtained in ref. [29])fram Si-doped MQWs. In Figb® we show the normalized absorption
spectra for TM-polarized light from the three Gedd samples (peak energies are
51 summarized in Table 1), and the normalized broadgeoi both the Si-doped and the Ge-
53 doped series is,.compared in Fig. 9(c). The abswr@pectra do not vary significantly with
56 increasing Ge doping levels. This behavior is ueekgd since in sample S32 the Fermi
58 level should already reach the second electronauhlas confirmed by the saturation of the

ISB absorption per pas in Table 1, which should d&ad to enhanced scattering. For

13
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equivalent doping densities, the Ge-doped strustwigow ISB absorption peaks with
slightly smaller broadening than that of the Si-eldstructures. When increasing the Ge-
doping density, we observe a slight widening of BB absorption peak and no shift of the

ISB energy.

4, Discussion and conclusions

In summary, the structural and optical propertie&e-doped GaN/AlIGaN:-MQWs designed
to display ISB absorption in the SWIR, MIR and Fiihges have been characterized and
compared with similar structures doped with Si. #ds purpose, we have grown 25-period
c-plane GaN/AIN (1.8 nm/3 nm) MQWs designed to shisB absorption at 1.70 um
(0.729 eV), 30-period-plane GaN/Ad.sGaeN (4 nmi3 nm) MQWSs designed to display
ISB absorption at 5.2 um (240 meV), and 40-periogplane GaN/Ad.o76Gan 929N
(20 nm/18.5 nm) MQWs designed to show.ISB absongio41 pum (30 meV).

The results presented above confirm the feasibdftyising Ge instead of Si in ISB
optoelectronic devices consisting of GaN/AIN or GalbaN heterostructures. However, we
can debate on the relevance of using ene or the dtspant. For this comparison, it must be
kept in mind that Si and/Ge h;ve approximatelysthme activation energy in Gdib], and
none of them perturbs the grewth kinetics of GaNwhsing PAMBE [35,40]. However, Si
is known to introduce»a strong local deformationtioé GaN lattice[50] as well as an
enhancementsof the interface roughness in GaN/AI@&Ns [31]. Looking at our results,
Si-doped and Ge-doped GaN/AlGaN MQWs are strudtusamilar both inc-plane andm-
plane crystallographic orientations, with the maiplgy and mosaicity being determined
rather by.the substrate and not by the dopant @atur density (in the range under
consideration). Only in strongly lattice-mismatch@Ws (GaN/AIN), which exhibits a

clear structural degradation with respect to tHessate, Ge results in a systematic structural

14
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improvement.

If we turn to the optical properties, the evolutiohthe band-to-band behavior as a

©CoO~NOUTA,WNPE

function of doping reflects the screening of thieinal electric field by free carriers, which
is independent of the nature of the dopant. The p8Resses, on the other hand, are more
14 sensitive to parameters like the roughness of #terbinterfaces. Here, results for low
16 doping levels are comparable for MQWs doped wittoiSGe. Howéver, for:high doping
19 levels, there is a systematic improvement whengu§le as a dopant\,which manifests in
21 narrower absorption bands independent of the speegion, and thus for different QW

size, barrier composition and crystallographic miagions.
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Tables

Table 1. Structural and optical characteristics of the Gd@N MQWSs under study:
dopant nature; surface dopant densijtyhickness of the MQW period extracted.from HR-
XRD; FWHM of the w-scan of thg0002) and(3300) x-ray reflections for the-plane and
m-plane samples, respectively, of the MQWs and ofAiheor GaN substratepeak energy
of the MQW PL emission af = 5K; peak energy of the ISB absorptiddWWHM of the ISB
absorption peak; ISB absorption per pass.

w-scan ISB ISB

Sample ?](;ﬁ?rgt cor?c%ﬂtr;gtion thFi)(?I?noedss IS\}/\?Ii?\l;I] sFLJVt\)Is|_t|r,\z:|1te I;Ic;s?t(iec?nk at()asnzr%tiyon alt:)sVSLp';[/ilon abslir?)tion
(x10“cn?) (nm)  MQW (°) ) (eV) (meV) e (meV) per pass (%)
S11 Si 6 48+01 0.199 0.056 3.37 710 85 21
S12 Ge 6 48+01 0.167 0.046 3.35 720 94 18
S13 Si 20 48+0.1 0.180 0.061 3.45 830 108 8.9
S14 Ge 20 4.8:0.1 0.154 0.058 3.%6 760 90 6.6
S15 Si 60 44+01 0.176 0.057 3.51 860 189 9.5
S16 Ge 60 4.3:0.1 0.149 0.063 3.63 820 110 8.6
S21 Si 2 7.0£0.1 "0Q:190 0.212 341 249 45 4.7
S22 Ge 2 7.0:0:1 0.188 0.209 341 272 59 4.1
S23 Si 10 7.0£04 0487 0.210 3.42 286 80 5.8
S24 Ge 10 7.0#0.1 . 0.185 0.210 3.41 276 77 7.4
S25 Si 20 6.9:0.1 | 0.189 0.206 343 280 140 15
S26 Ge 20 6.9+0.1 0.187 0.204 3.49 273 90 16
S31 Ge 0.5 27.50.1 0.014 0.012 3.48 25 12 19
S32 Ge 2 28.2t0.1 0.013 0.010 3.48 24 13 19
S33 Ge 5 29.30.1 0.013 0.011 3.48 24 15 13
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Figure captions

Figure 1. (&) Schematic of the GaN/AIN MQW structures. (bnBaliagram of one of the

©CoO~NOUTA,WNPE

10 QWs and location of the first {eand second ¢ electron levels obtained using a self-
12 consistent 8-band k.p Schrédinger-Poisson sol@rHR-XRD w-20 scan,of the (0002)

15 reflection of Si- and Ge-doped heterostructures (84d S16, respectively). Experimental
17 data are compared to a simulation which assuméshitadiQWs present the in-plane lattice

parameters of an AlGaN layer with the average Alcemtration of the MQW.

23 Figure 2. Low temperatureT = 5 K) PL intensity of the (a) Ge-doped and (b)dSped

25 GaN/AIN MQWs. The spectra are normalized by thedximum value and vertically shifted
for clarity. Black triangles mark the transitioneggies calculated using a self-consistent 8-
30 band k.p Schroédinger-Poisson solver that takes antmu%t the screening of the internal
32 electric field by free carriers. Normalized TM-patzd ISB absorption of the (c) Ge-doped
35 and (d) Si-doped MQWs measured.by FTIR spectroscbpg spectra are normalized by
37 their maximum value and vertically shifted for dharBlack triangles mark the transition
39 energies calculated using asself-consistent 8-blapd Schrédinger-Poisson solver and
42 corrected to account for the exchange interactioh depolarization shift. (¢) Normalized

44 broadening&E/E) of the ISB absorption peak as a function efdbping densityls).

48 Figure 3. CL spectral line-scan on the cross-section of sar§il6 measured at= 10 K.
50 The intensity.is:color-caded on a logarithmic scdlee sketch on the right side shows the

corresponding/sequence of layers.

56 Figure 4. (a) Schematic of the GaN/#d:Gan.sN MQW structures. (b) Band diagram of one
58 ofithe QWSs and location of the firstJ@nd second ¢ electron levels obtained using a self-

consistent 8-band k.p Schrodinger-Poisson sol@rHR-XRD w-20 scan of the (0002)

21
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reflection of Si- and Ge-doped heterostructuresh(8&2d S26, respectively). Experimental
data are compared to a simulation which assumeshibdQWSs present the in-plane lattice
parameters of an AlGaN layer with the average Ahcemtration of the MQW. The

simulation does not take into account the buffgetaof the GaN-on-Si(111) template. This

buffer contains a periodic GaN/AlGaN heterostruet{period~ 20 nm).

Figure 5. Normalized PL intensity of the (a) Ge-doped andSbjloped GaN/Al::Ga.sN
MQWs measured at =5 K. The spectra are normalized by their\maxirrmm‘ue and
vertically shifted for clarity. Black triangles nkathe transition energies calculated using a
self-consistent 8-band k.p Schrodinger-Poissonesdivat.takes into account the screening
of the internal electric field by free carriers. iN@lized TM-polarized ISB absorption of the
(c) Ge-doped and (d) Si-doped MQWs measured by. FSp&ctroscopy. The spectra are
normalized by their maximum value and verticallyftsial f:)r clarity. Black triangles mark
the transition energies calculated using .a selsistent 8-band k.p Schrédinger-Poisson
solver and corrected to account for the,exchantgrdotion and depolarization shift. (e)

Normalized broadeningAE/E), of the ISBhabsorption peak as a function @& toping

density (s).

N
Figure 6. CL spectral line-sean on the cross-section of sar§@6 measured at= 10 K.

The intensity is color-coded on a logarithmic scdlee sketch on the right side shows the

corresponding sequence, of layers.

Figure 7. (&) Schematic, of then-plane GaN/Ad.o7sGa.02dN MQW structures. (b) Band
diagram of one of the QWs and location of the fies}, second (g and third (g) electron
levels obtained using a self-consistent 8-bandSclprédinger-Poisson solver. (¢) HR-XRD
w-20:scan of the (3-300) reflection of S33. Experimedtta are compared to a simulation

which,assumes that the MQWs are fully strained aN G

22
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Figure 8. (a) AFM image (5x5 uR) of sample S31 showing an rms surface roughness of

0.28 nm. (b)-(c) Cross-section HAADF-STEM imagesaimple S32 viewed along <0001>.

©CoO~NOUTA,WNPE

Layers with dark and bright contrast correspondh® AlGaN barriers and GaN QWs,

respectively.

14 Figure 9. (a) Low temperaturel(= 5 K) PL intensity of the Ge-doped-plane MQWs. The
16 spectra are normalized by their maximum value aedioally shifted for.clarity. (b)
19 Normalized absorption for TM-polarized light measdirat 5 K by FTB spectroscopy. (c)
21 Normalized broadeningAE/E) of the ISB absorption peak as a function & toping
density (s). The triangular data points correspond to,thedGeed MQWSs under study,

26 whereas the square data points correspond to sigigoped:MQWSs from ref. [29].

29 Figure 10. CL spectral line-scan on the cross-section offsar§33 measured at= 10 K.
32 The intensity is color-coded on a logarithmic scdlee sketch on the right side shows the

34 corresponding sequence of layers.
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Figure 1
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Figure 2
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Figure 3
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Figure 5
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Figure 6
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Figure 8
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