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We report transport and optical data for GaN/AGa, ;N modulation-doped heterostructures grown by
metal-organic chemical-vapor deposition. Variable temperature galvanomagnetic, resistivity, photolumines-
cence, and photoconductivity measurements have been performed. Evidence for potential fluctuations is pro-
vided by the observation of weakly localized transport at low temperatures, together with a negative magne-
toresistance due to disorder in the interface region. The deduced localization criteria based on the theoretical
modeling from Hall, resistivity and negative magnetoresistance data are in a reasonable agreement with weak-
localization conditions. Additional evidence for a built-in electric field caused by the fluctuations near the
heterointerface region is given by the observation of photoconductivity dips resonant with free excitons,
indicating free-exciton ionization. A theoretical modeling of the transport properties under various limiting
scattering conditions is provided, and compared with the experimental data for the transport time and elastic
lifetime. The potential fluctuations in the two-dimensional plane from the impurity distribution only are also
modeled, and the results are consistent with the experimental indications for strong potential fluctuations. It is
concluded that interface roughness, dislocations, and similar structural defects have a strong influence on the
transport properties of the two-dimensional electron gas in these strudiBied63-18208)06224-9

. INTRODUCTION spect to the electron mean free pathPrevious studié$?
considered primarily the microscopic inhomogeneities with
Modulation doping, i.e., doping of the barrier layer at a A <! that originated from random fluctuations in the density
heterointerface, causes a redistribution of electrical charggf charge scattering centers, as being mainly responsible for

across the interface. In the casersfype doping of the bar- the carrier kinetics and recombination properties for the
rier layer, the region in the barrier close to the interface will22EG in MDH's. The deviation of a heterointerface from an

be depleted and the corresponding electrons accumulated meal plane, i.e., the heterointerface roughness, is expected to

a triangular shape potential in the active layer close to th ause strong variations in the interface poterfnplified

) 1 . : y the built-in epitaxial strain and the piezoelectric effect
mterfa}ce. The electrons accumulated in the potepﬂal form 4and reduce the mobility of the 2DEG localized in the direct
two-dimensional electron gd@DEG). The properties, elec-

. . .vicinity of an interface. The potential of this type of scatter-
trical and optical, re lated to _the 2DEG electrons have _prev_'ing is known to be approximately proportional to the square
ously been extensively studied by several groups, mainly ”Eﬁ of the built-in electric fieldE, of the spatial fluctuation.
the GaAs/AlGa,_,As (Refs. 2-6 but also in the In the absence of a magnetic field, the electron states in a
In,Ga, - As/InP material systerﬁ]’he formation of a 2DEG  >pEG are localized at low temperatures, due to disoteit.
at a GaN/A|Ga; N heterointerface has previously been ob-The corresponding fluctuations in the electrostatic potential
served by electrical measuremefifand recently by optical could lead to electron localization in random potential pro-
spectroscopy’ files at reduced temperaturfsand can also provide an ad-
Since the possibilities of epitaxial growth of lll-nitride ditional scattering process for the 2DEG free carriers.
structures are still limited to heteroepitaxy on sapphire or The large-size fluctuations with\>| are effectively
SiC substrates, it has been difficult to obtain high-qualityscreened by free carriers and are therefore expected to have a
epilayers in GaN/AiGa,;_,N modulation-doped heterostruc- small effect on the carrier kinetics and recombination
tures (MDH's). Dislocations and interface roughness haveprocesse&®
strong effects on the electrical transport properties of MDH Recent theoretical estimates of the limiting transport
structures, amplified by the strain built in by the heteroepi-properties in the AJ,Ga ;N/GaN MDH 2DEG system in-
taxial growth and by the related piezoelectric fields. Suchdicate that the present record valu@bout 8000 crfiV s)
defects, in addition to the “normal” scattering centers, e.g.,observed at low temperatures for the mobility of the 2DEG
remote ionized impurities or point defects, are the possiblearriers are more than two orders of magnitude below the
sources for inhomogeneities and potential fluctuatigiss expected limiting valuegbout 16 cn?/V s) for correspond-
in state of the art AlGa, ,N/GaN MDH systems. ing AlLLGa_,N/GaN structures made from perfect
The inhomogeneities can generally be classified into twanaterials:’ The present investigations should be viewed in
categories, depending on their characteristic dizeith re-  this perspective.
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This work investigates experimental evidence for the 1800
presence of microscopic potential fluctuations in modulation-
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doped GaN/A|,{Ga, ;N heterostructures. We report on 1600 — A SN p ongenuation  na _ .
transport results for Al,dG&, ;IN/GaN MDH’s and compare S E
these with predictions from weak-localizatioWL) theories 4, [ g | = 7™ 77 20 ° ©. 410 8
for a 2DEG, where spatial fluctuations and other irregulari- — £ o >
ties give rise to disorder and localization. A theoretical mod- g 1o00 | g E
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eling of the transport parameters as well as the potential fluc-
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tuations is also provided. The photoconductivity properties < 10‘jo o0 10°
together with photoluminescence provide additional evi- 1000 |- Temperature [ K |
dence for the influence of PFs on the recombination pro- - -
cesses in this system. 800 [~ o .
L ®oes o o 6 o o o
Il. EXPERIMENT 600 L e ] N |
. . . , 1 10 100
The investigated ,Q,lngao_72_l\l/GaN/AlN/sapphlre MDI_—| S Temporaturs [ K |
were grown by metal-organic chemical-vapor depositfon.
The GaN layer was nominally undopéresidualn doping FIG. 1. Total resistivity vs temperature for the

about 1x10Y cm3 and 3.85 um thick. The top Aly,gGa N/GaN modulation-doped structure. In the inset is
AlydGay 7N layer included a 5-nm-thick undoped spacershown the corresponding total carrier concentration and total
layer close to the GaN interface, and a 90-nm-thick layemobility (O) vs temperature.

which was Si-doped to a concentration 0f 30 cm™3. The

transport studies were performed within the temperature .

range 1.5-250 K in a superconducting solenoid magnet oxntervals wherep shc_)vyg a characteristic dependence versus
ford SM 2000. Hall effect measurements were done under affmperature. In the initial low-temperature range the value
applied magnetic field&) of 0.3 T. All transport data pre- Pt decreases slightly witf, demonstrating, as we show
sented in this paper were taken by a low-amplitude dc_la_tgr, the wegkly localized transport. The conduct|V|ty tran-
current (1-5 A) technique. The magnetoresistance wasSition from this one to free carrier transport is observed at
measured in a magnetic field up2 T in adirection normal 1 =10-25 K. The “high” temperature interval>100 K

to the plane of the MDH’s. Measurements were made orshoWs the well-known phonon assisted increasp gfwith
lithographically defined Hall bars with six Al/Ti Ohmic con- T ] o

tacts. Stationary and persistent photoconductivity measure- 1h€ insetin Fig. 1 shows the temperature dependence of
ments have been performed in a variable temperature er]_’loblhty and sheet el_ectron concentration in the temperature
ostat(2—300 K in a standard wayfor details see, e.g., Ref. mteryal for free carrier tranqurt. The total MDH electron
19). For photoluminescencL) measurements, the sample mobility increases with decreasing temperature and sf':\turated
was excited with a Ti:sapphire solid state picosecond pulsedt @ value ofu=1470 cn/V's at 80 K. It also remained
tunable laser, upconverted with a BBO crystal, to obtain exfairly constant for temperatures between 80 and 10 K. The
citation around the GaN bandgap. The detection of the pitotal sheet concentration is practically constamdfer=6.2
spectra was performed with a cooled charge-coupled devicg 10 cm™?) within the entire temperature range and clearly
camera. Photoluminescence excitati®LE) measurements €xhibits degenerqtg conduction. We gttrlbute this behavior of
were performed in the same setup, where the natural spectréle €lectron mobility and the metal-like or degenerate con-
width of the pulsed laser limited the spectral resolution toductivity in the heterostructure to the formation of a 2DEG at

about 2 meV. Time-resolved measurements were performelfle GaN-Ab 26Ga 7N interface, and in addition a degenerate

with a Hamamatsu Syncroscan streak camera system.  €lectron channel in the fbdGa, 7N layer. N
It is important to note, that the individual conductivity
IIl. EXPERIMENTAL RESULTS channels have very small dependencies on their own, so

that the measured strorig) dependence arises mainly from

In this section we describe the experimental observationg,e mixed-conductivity (parallel conduction effect. The
and their interpretation. We start with an analysis of variablegjearly increasing magnetoresistance and decreasing Hall co-
temperature resistivity and Hall-effect measurements. Thegicient values with increasing magnetic field are indicative
corresponding data, together with the results from negativgs 5 significant parallel conduction in our samples., there

magnetoresistance, are discussed in terms of weakly locak 5 conducting channel in the AiGa, N barrien within
ized transport, where spatial fluctuations and other irregularigne  entire temperature range 1.5-250 K. For the proper

ties give rise to disorder and localization. The data fromynaysis of this situation the well-known classical magnetic-
optical characterizatio(PL, PLE, photoconductivity are  fie|q equation? are either numerically fitted to the data or

then discussed, and a connection is made with the transpaghroximated to get an analytical two-channel solution at
properties caused by the presence of fluctuation potentials.gy 4| magnetic fields. For the data in this paper we use the

exact analytical two-channel solution for the MDH system,
similar to that developed by Look, Stutz, and Boz&Ha,
which holds at arbitrary3 as long as the carriers are degen-

The variation of the total resistivitg,,; with temperature erate and quantum effects can be ignored. This solution is
is shown in Fig. 1. There are three different temperaturenuch more useful than an approximate I8asolution, be-

A. Electrical transport in GaN/Al ( ,dGagy 74N modulation-doped
heterostructures
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cause high values @ give better signal to noise ratio. It is
also obviously more useful than a numerical fit to the origi-
nal equations? because the latter requires a four-parametel
fit. We found that both “transport channelsli.e., the
Al ,dGa, 7N doping region and the GaN 2D region, respec-
tively) exhibit degenerate conduction within the temperature T
interval 30—220 K. In the case of the GaN 2D conductivity
(i.e., the modulation-doped channel in the GaN layee
estimate the mobility and sheet concentratiol at54 K to
2950 cnt/V s and 1.5 10*2 cm ™2, respectively. The corre-
sponding values for the fbdGa ;N channel at the same
temperature ig.3p =890 cnf/V s andngp=4.9x 102 cm™2. i
The possible existence of more than two conducting chan ¢ .
nels was carefully considered. Including a third channel  4°° ; T
gives valid solutions only for a conductivity of the third 1 10
channel less than a few percent of the total conductivity. The Temperature [ K] —>
possible third channel would be close to the highly defective FIG. 2. An exponential fit of the resistivity of the 2DEG at the

GaN sapphire interface. In this case the 3i88-thick GaN 5| 4 - N/GaN interface vs temperature in the low-temperature

layer should not allow the contact metallization diffusion region. The inset shows the negative magnetoresistance data, at two
front to penetrate to the GaN/sapphire interface during a fewjtferent temperatures.

minutes processing at about 600 °C. We therefore feel con-

fident that our two-channel treatment is valid. mean free pathfrom Hall, resistivity and NMR data are in

In comparison with the theoretical analysis by Hsu andan agreement with the transport criteria under weak-
WalukiewicZ’ for the intrinsic mobility limits of a 2DEG in localization conditionskgl>1.1*

Alg,Gay 7N/GaN heterostructures, the mobilities deter-
mined in our study are more than two orders of magnitude
lower than the theoretically predicted values for the “per-
fect” MDH in this materials system. In the following we will . ) ] B i
argue, that an important mobility limiting mechanism in this  The optical experiments provide additional evidence for
system is scattering via fluctuation potentials in the interfacéhe ~ presence  of potential  fluctuations in  the
region (the modulation-doped channel in the GaN layer ~ GaN/Al 2§Ga 7N MDH samples, because the built-in elec-
A Striking effect of quantum interference iS to enhance thé”c f|e|d from these ﬂuctuations modiﬁes the Carrier recom-
probabiiity for backscattering ina “Siightiy” disordered Sys_ bination and nonequi”bl’ium transport Under phOtOEXCitatiOI’l.
tem in the metallic(or degenerate as for the 2DEG in a The most striking experimental result is the observation of
MDH) regime_ This effect has been interpreted as a precurs&XCiton ionization by the built-in electric field from PF's. We
of localization in a strongly disordered systems and has thushow in Fig 3 a set of PL spectra at different temperatures
become known as weak localizatihThis effect predicts a for the modulation-doped GaN/fdgGay 7N heterostructure.
logarithmic temperature dependence f&T) for 2D WL The 2-K spectrum is dominated by the donor bound exciton
systems? The application of a magnetic field perpendicular (DBE) at 3.490 eV, originating from the compressively
to the 2DEG suppresses the WL effect and the resultingtrained GaN layer close to the 2DH@e excitation depth
negative magnetoresistan@dMR) is the most convenient
way to resolve experimentally the WL correctith?® This
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B. Optical characterization and photoconductivity

10%— . T

NMR-effect is based on the quantum interference of an elec-
tron with itself along a diffusion loop. The magnetic field
shifts the phase of the electronic wave function and destroys
the localization effect, giving rise to the NMR. Taking into
account the high density of disorder and irregularities in
present-day nitride-based heterostructufgse to disloca-
tions and interface roughness amplified by built-in strain and
piezoelectric fields, in addition to the “normal” scattering
centers such as remote ionized impurities can be con-
cluded that the experimental observation of WL transport is
one convincing piece of evidence for the expected potential
fluctuations in the GaN/AlLdGa, 7N MDH system.

As can be seen in Fig. 9,p [as distinguished fronp,,
(Ref. 20] exhibits a logarithmic temperature dependence
~ —In(T) in the temperature interval 1.5-10 K, typical for a
weakly localized 2DEG. Additional evidence is provided by
the observation of NMR in the same temperature range, as
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T

10

10°

10°

Modulation Doped

Heterostructure
GaN / AlGaN

2DEG

Temperature
(K)

BE FE

L

3.40 3.44 3.48
Photon Energy (eV)

3.36

3.52

shown in the inset of Fig. 2. The deduced localization criteria FIG. 3. Photoluminescence spectra at various low temperatures,

kel =8.6 (kg is the electron Fermi wave vectdrthe electron

obtained with excitation above the GaN band gap.
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FIG. 4. PLE spectrate K for the Aly ,4Ga, 7N/GaN structure, corresponding to an increased conductivity, resonant with
obtained with detection at two different photon energiedicated ~ the FEA andB states. Since excitons by themselves are not
by arrows. The photoresistivity spectrum of the same sample iscausing conductivity there must be a mechanism present that
also shown T=2 K). produces free carriers. The mechanism suggested here is that

the FE is ionized by the built-in electric field in the interface
. ) region. This mechanisnpresumably dominated by impact
goes considerably beyond the extension of the 2DEX®  jonijzation will produce free carriers, which explains both

higher temperatures, when the DBE is thermally quenchedhe decrease in resistivity and the increased intensity of the
the A andB states of the free excitdfrE) are also observed, 2DEG related emission.

at slightly higher energies. The weaker emission at 3.41 eV
is the LO-_ph_onon repli_ca of the free exciton. The remaining,,, THEORETICAL MODELING OF TRANSPORT IN THE
broad emission band in the energy range between 3.44 and Aly 8520 -NIGaN MDH SYSTEM
3.48 eV is attributed to recombination processes related to
electrons in the 2DEG. The 2DEG related emission in our A schematic energy diagram for the sample is shown in
sample has a time decay ranging between 200 and 250 psig. 5. The AlGa_,N side is heavilyn-type doped with
with a longer decay towards the low-energy side. This causeapproximately 3 10'® cm™2 donor density, except for a 50-
a small redshift of the emission with increasing time delayA-wide undoped spacer region near the GaN interface.
after the pulsed excitation, which is typical for emissions Electrons have been transferred from the heavily doped
related to the 2DEG in corresponding GaAsf®& _,As  region to the triangular well formed on the GaN side of the
structures:® The decay times of the FE and the DBE wasinterface. The 2D electron density in this well is experimen-
measured to 50 and 80 ps, respectively. The rather low vatally found to be 1.% 10'2 cm™2, which means that a 50-A-
ues of these decay tinf@sindicate that they are all domi- wide depletion region has been formed. Thus ideally the sys-
nated by a nonradiative shunt pdtte., capturdtransfey of ~ tem consists of a 3D metallic region, a 50-A-wide depletion
excitons to defecisunder these(low-intensity) excitation region with randomly distributed Coulomb potentials from
conditions. the ionized donors, a 50-A-wide spacer layer followed by a
PLE measurements have also been performed on thiguasi-2D electron gas. We neglect the width of the 2D gas.
sample, and are shown in Fig. 4. With detection at two enAlso we neglect the piezoelectric fields in this modeling. The
ergy positions in the 2DEG related emission, as indicateelectron contribution from the GaN layer is comparatively
with arrows in the figure, we observe two distinct excitationsmall (residual donor doping in GaN about1@m™3), and
resonance’s at higher energies. We attribute this to the resis also neglected here for simplicity.
nant excitation of theA and B state of the FE in the GaN The presence of the 3D metallic region to the left of the
layer closest to the 2DEG. The same state is also observestattering center@-ig. 5 should contribute to the screening
during detection in the DBE. We see no feature related t@f the impurities. For a perfectly conducting metal the result
states in the interface notch or to the Fermi edge. From thigvould be a mirror charge for each impurity. Now, the region
we conclude that the main generation mechanism for thés not a perfect metal. The Thomas-Fermi screening length is
2DEG emission is by optical excitation of free carriers and21 A for our particular carrier density. Impurities much far-
FE's in the flat band part of the GaN layer, which afterwardsther away from the surface of the 3D metallic region than
diffuse to the interface region. This is confirmed by the time-this distance will produce mirror charges, while the impuri-
resolved measurements, where a longer lifetime and delay difes closer to the surface will be screened to a lesser extent.
the intensity is seen for the 2DEG emission, as compared t&/e have made two extreme transport calculations where in
the temporal behavior of the DBE and FE emissions. one case the screening from the 3D region was completely
The photoresistivity, between two surface contacts, versuseglected, and in the other case all scatterers as well as all
excitation energy is shown in Fig. 4, together with the PLEinduced charge distributions in the 2D layer give rise to mir-
measurements. As for the PLE we observe resistivity dipsior charges in the 3D surface. In a third calculation we have
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neglected the influence from the 3D region and also put all 3 \ \
the impurities in the 2D layer. We have calculated the trans- T, =0.166 ps
port time and elastic lifetime with these three different as- T, =107ps -~
sumptions and compared them to the experimentally ex- P
tracted values.

In the modelling we need the static 2D dielectric function.
It is in random phase approximation given’by

2 F

Ao (10° Q1)

4

8(Q):]-_VQ)(O(Q) 0
={1+y/Q;Q<1,1+y/Q{1—1-1/Q%};Q>1}. 0 0.1 0.2B(T)0.3 04 05
(1)

FIG. 6. A fit of the experimental data for magnetoconductivity

. . to Eq. (4). The extracted values far, and 7y, are also shown.
We have here introduced the density paramgtand the

renormalized momentur®. These and other dimensionless

variables used throughout are defined as B.— h
ph 4ED7ph7 5
W=#hw/dEg, Eg=h%k:2/2m*, ®
h
Q:q/ZkF, y:m*eZ/ﬁZKkF, Be:4eDT ’
e
D=d-2kg, Do=do- 2Ke. 2 \where D is the diffusivity or diffusion constant,D

) ) =1/2 v,'ire, and 7 (7pn) is the elastic lifetime(dephasing
We have in our calculations used the values 0.21 for th@ime). The unknown variables are the two characteristic scat-

electron mass and 9.9 for the dielectric constant for GaN. tering times. These are extracted from a fit to the experimen-
The experimentally obtained values were for the transpotty| results. The fit is shown in Fig. 6.

time, estimated from the low-temperature conductivity, and The extracted values from the fit are
for the elastic lifetime, estimated from the magnetic-field

variation of the conductivity. This last estimate relies on the

assumption that the low-temperature results follow weak- 7¢=0.166 ps,
localization theory.

7ph=10.7 ps.
A. Extraction of transport data from experimental results
The 2DEG resistivity was estimated to be 1420 at 54 B. Transport modeling
T. The transport time for the carriers in the 2DEG was ob- |n this section we calculate the transport time and elastic
tained from the Drude-type relation lifetime for the ideal system. The transport time is derived
with the generalized Drude approahThe elastic lifetime
lp=o=n€r,/m* =neu= r,=m* ule. (3) is obtained from the imaginary part of the electron self-
energy at the Fermi level. The self-energy is obtained with
This gives a value of 0.352 ps for the transport time the Rayleigh-Schidinger perturbation theofy from the

A value for the elastic lifetime was estimated from the electron-impurity interaction energy to second order in the
magnetic-field variation of the conductivity. Again, this esti- potential.
mate relies on the assumption that the low-temperature re-
sults follow weak-localizatiofWL) theory.

From studying the magnetic-field dependence of the con- . . e
ductivity we may extract values for the dephasing time and P““'F‘g a!l Impurities in the 2D Iaygr quds to an extreme
elastic lifetime. According to the weak-localization theory OVerestimation of the impurity scattering since it completely

the magnetic conductivity corrections are giverfad wipes out the mtended benefit from spatially sep_aratlng the
carriers and scattering centers. The transport time can be

found from the simple integrél

1. All scatterers in the 2D layer

Aodn (B )=0gn (BL)—oan (0)

e? (1 Bph> 1 B, b
— _ 2m*e* (1 dQ
=52 V5t 7 ‘ﬁ(_ + _) Ur.= f 6
27Tfl/ 2 BJ_ 2 BJ_ Tir thz 0 S(Q)zm, ()
in| 22
+in Bon/ |’ “ and the numerical result ig,=0.0326 ps.

The elastic lifetime is obtained from the imaginary part of
where ¢ is the digamma functiory(x) = (d/dx)I"'(x), and the self-energy for an electron at the Fermi surface. This is
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YEE | 2y y-1
- — >
V=1 y2_ltan yri Y L
S m* e* Jl dQ 2E¢ L @
m = = — Ta = L]
257 Jo s@rti-@2 | 3 )
YEE | y? 1+y+vl—y2) den
— n - , .
{ Y =1 y1-y2 \1+y—1-y? Y
|
Thus it is possible to solve the equation and find the result in 3. Scatterers randomly distributed in the region
an analytical form. Now, the lifetime is between the 3D layer and spacer,
full image-potential screening from the 3D layer
Te:_L_ (8) In this case the potentials have to be determined self-
2Im3 consistently. We have

The numerical result for the elastic lifetime is 0.0248 ps.
Both of these theoretically obtained times are much too
short, which is what we had anticipatéste Table)l

— —qz —q(d+d-z —q2d
v=v4e q — Vg€ al )+Pinqu_Pinque q4a,

Pind= XoV: (12
2. Scatterers randomly distributed in the region
between the 3D layer and the spacer
with screening from the 3D layer neglected

where v is the potential in the 2D plane from a Coulomb
potential a distance from the plane. The potential, is the
bare Coulomb potential, only screened by the background

Let d be the distance between the 3D and 2D regions andielectric constant, ang;,4 and y, are the induced charge
d, the thickness of the spacer layer. As compared with thélensity in the 2D layer and the susceptibility of the 2D layer,
strictly 2D treatmen{Egs. (6) and (7)] the integrands will ~respectively.

have the additional factor Solution of these coupled equations gives
1 D g~ QD+Dy) vee 992siniq(d-2)]
“20%y7=— = = 13
b-D, JDOe dz IGEDN sinfQ(D—Dy)]. T T xorg(l-e ) (13
©) As compared with the strictly 2D treatment the screening
Thus we have will be modified and the integrands will have the additional
factor
2m*e* (1 e QP*TPoginHQ(D—Dy)]
Ur,= f sinf2Q(D—-D
tr ﬁ3K2 0 8(Q)2Q(D—Do) /1_Q2 2QD< H: Q( 0)] 1 ) (14)
(10) 2Q(D—Dy)
and the numerical result is now,= 4.18 ps for the transport 1hus we have
time. N
For the elastic lifetime we have _2m
Ury /3,2
m*e* (1e QP*DosinH{Q(D—Dy)]
Im3=-— f d 1 e 2Rl sinH2Q(D - D) 2Q(D—Dy)
2ﬁ2K2 0 8(Q)2Q3(D—D0)\/1——(?2 Q XJ { k[ Q( O] Q( O} Q
0 _
(11 1+ 5 (1-e 29%)| Q(D-Dg)V1— Q2
and the numerical result for the elastic lifetimg is 0.197
ps. Both these timels, and7,) are too long compared to the (19

experimental values. and the numerical result is,=8.20 ps.

) ) ) The imaginary part of the self-energy is
TABLE |. Results from calculations of transport time and life-

time. m* e*
Im¥=——5—
Transport time(ps)  Elastic lifetime(ps) 2h°K
Experiment 0.352 0.166 1 e 2Q0sinf2Q(D— D 0)]—2Q(D— DO)}
Impurities in 2D layer 0.0326 0.0248 Jo dQ,
No image potential 4.18 0.197 1+ Q(l e 29P) (D Do)Q%V1-Q*
Full image potential 8.20 1.01

(16)
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which leads to a numerical result for the elastic lifetimeof 1 , .
1.01 ps. W(r =g 2 €7 2 (),
The results from the calculations of the transport time and cell -
lifetime with the various assumptions are summarized in
Table I, together with the experimental results. G..=+n 2_ n=123 (17)
xy=EN ) 2,3... .

When the image potentials were neglected we obtained
C. Modeling of the potential in the 2DEG plane Gz
wi(G):Le*iG-Ri (18)
For several reasons there is an interest to find an estimate 0 1-vex0(G) ’
of the potential fluctuations and electric-field strengths in the . ] ]
plane of the 2DEG, the weak localization behavior of the@nd when full image potentials were included,
low-temperature conductivity originates from the presence of .
b yorg P vee ®P2 sinfG(D—2Z))]

potential fluctuations; the photoresistivity experiments indi- i (G)= ~iG-R 19
. . . .. . wO( ) 1— G)(1— —-2GD € . ( )

cate the presence of strong electric fields ionizing the exci- veXxo(G)(1—e )

tons.

We have studied the potential in the 2D layer from theIn this calculation we needed the static dielectric function
ionized impurities. Two versions were treated, one withoutaISO for larger momentgsee Eq(1) abov.
P ' ’ We considered it to be enough to include reciprocal lattice

image potgntials and one with full image potentials. Wevectors up tan=>50. For this value the exponentially decay-
chose a hig square unit cell so that 1000 scatterers on tl]ﬁg factor for the ion closest to the 2D layer is X.80" 3.

average would be within the cell. T2he siZe was 28@500  The potential fluctuates a little bit more when image poten-
A for a scatterer density of 1:610'* cm . We modified  tjals are neglected, but there is no big difference. The aver-
this density slightly to get nice numbers. The ions were themyge puilt-in electric field is around 3 kVcr and the maxi-
distributed at random below this square and at random deptfum value is around 7—-12 kV ¢, as presented in Fig. 7.
within the layer between the spacer and the 3D region; This
was done with help of a random-number generator. The
whole plane was then filled with equal unit cells, i.e., peri-
odic boundary conditions were assumed. The potential from Our experimental data presented in this work are for state
all ions was then periodic with the unit cell as period. Weof the art GaN/A} ,dGa, 7N heterostructures grown on sap-
may say that we have constructed a crystal with a unit celphire. The values for the mobilities in these structures are
with a huge basis consisting of 1000 ions. We then studiedmaller than the best values recently repoftebut we be-

the potential within a square in the middle of the unit cell. lieve this is not a significant factor in determining the physi-
The square had to be small as compared to the unit cell scal processes that govern the transport in these structures.
that we avoided surface effects. We chose a square that drhe effects described in this work are believed to be inherent
the average contained 40 ions. This means a square of sizethe state of the art GaN/Aba, _,N modulation-doped het-
500X 500 A. The number of ions in this square varied from erostructures, grown on sapphire, and thus affected by a very
run to run since 1000 ions were distributed at random withinarge number of crystal defectigpically 10:° cm™?2 disloca-

the large unit cell. The potential was found as follows: tions threading through the 2D layer, and in addition inter-

V. DISCUSSION
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face roughness induced by the large heteroepitaxial straiimg impurities, a distribution of Coulomb potentials homoge-
during growth. neously throughout the sample to the right of the 3D region;
Experimentally we find that there are two parallel conduc-these could, e.g., be due to self-compensation. We estimated
tion channels for electrons. This possibility has typicallyhow large the concentration of these needs to be to fit the
been neglected in recent literatdfeut this parallel conduc- ~ experimental value for the transport time. We found the val-
tion strongly affects the analysis of data, and this fact needses 3.8<10'" and 8.7 10" cm™2 with screening and with-
to be considered in the future design of these structureut, respectively. These values seem to be somewhat too
There is solid evidence for weak localization of the electrondarge for an unintentional doping concentration. The discrep-
in the 2DEG from the transport and magnetotransport dataancies are probably due to imperfections at the interface, not
The optical data support the idea that there are strong potegonsidered here.
tial fluctuations in the 2D layer, causing a fluctuating electric The obtained potential fluctuations and electric field
field that is well above what is needed to impact ionize thestrengths should be considered as the lower limits of the real
excitons®1:32 values, since only part of the scattering centers are taken into
In the theoretical modeling of the transport time, inelasticaccount. Still, we think the values are large enough to ex-
lifetime and fluctuating potential in the 2D layer, we haveplain the experimental observations. The development of
only considered the contribution from the ionized donors.growth processes for this materials system will certainly take
The spacer layer is there to spatially separate the 2D carriegome time, but will hopefully in the future provide material
from the impurity potentials and thereby reduce the scatterwith transport properties close to the ideal limit projected in
ing and enhance the mobility. This means that in a systenRef. 17. A modeling of the influence of the dislocations and
like this unintentional defects closer to the 2D layer, like interface roughness on the transport was not attempted in this
unintentional dopants and interface roughness, have larg&vork. We conclude, however, that these contributions are
effects on the properties we have modeled than in systenigportant in the samples studied. A realistic modeling of
without spacer layers. We made only an extreme model cakhese effects needs consideration of the piezoelectric effects
culation where we placed all ionized donors in the 2D layeras well, in moderating the strain-induced potential
to find the results one would have without spatial separatiofluctuations??
between carriers and scattering centers. The result from this
caI(_:uIat|0n can serve as the gxtreme lower limit for the ex- VI. CONCLUSIONS
perimental transport and lifetimes. In the other two model
calculations we neglected the screening effects from the 3D We have both experimentally and theoretically studied the
layer in one of them, and slightly overestimated the screentransport and optical properties related to the disorder and
ing in the other. A more exact treatment would produce redirregularities in GaN/A{ ,§Ga&, 72N modulation-doped hetero-
sults somewhere in between the numbers from the two caktructures. The data are understandable in the context of po-
culations. These values should be an upper limit for theential fluctuations in the direct vicinity at heterointerface
experimental results, since the unintentional scattering efregion. The low-temperature transport data demonstrate
fects are not included. This is consistent with our findingsweak-localization behavior, and the photoconductivity mea-
One should also notice that the screening effects are morgurements indicate the presence of potential fluctuations in
important for the lifetime than for the transport time. This is the interface region.
because the lifetime is relatively more affected by scattering The ionized donors alone do not explain the observed
processes with small momentum transfer than is the transporather low mobilities and long elastic scattering and transport
time, where phase space limitations suppress these processises. Interface roughness, dislocations, and piezoelectric ef-
The screening predominantly reduces the matrix elementiects associated with the GaN(8a _,N interface are be-
for such scattering processes. To get some information abolieved to be good candidates for the additional scattering
the neglected scattering centers we made a test calculatigmocesses needed for a quantitative explanation of the experi-
where we assumed that there is, apart from intentional dopmental transport data.
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