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Theoretical electron mobility limits of a two-dimensional electron A3EG) confined near the interface of
a Al,Ga _,N/GaN heterostructure are computed. The electronic structure of the 2DEG is calculated self-
consistently to obtain the best analytic solution for the wave functions, and the results are used to compute the
mobilities. All standard scattering mechanisms, including scattering by acoustic and optical phonons, remote
and background impurities, and alloy disorder have been included in our calculations. Depending on the exact
composition of the heterostructure, the low-temperature mobility may be limited by either Coulomb or alloy
disorder scattering. Strategies for optimizing the mobility for various remote doping concentrations and spacer
widths are discussed. Intrinsic mobilities in excess d¢f &®?/V s are predicted for optimized heterostructures
at low temperature$S0163-182@7)08728-9

[. INTRODUCTION peratures, and cannot properly describe the scattering from
remote impurities, which is the most important characteristic
The interaction of electrons with charged impurity centersof modulation-doped structures. However, no rigorous calcu-
is the dominant mechanism responsible for the scattering daitions on the same level as those made for
free electrons at low temperatures in doped, high-qualityAlxGa—xAs/GaAs MDHs have been performed, to our
semiconductors. In order to reduce this interaction and inknowledge.
crease the low temperature mobility, it was proposed by In this paper, we report on the results of such computa-
Esaki and Tsu in 1969Ref. 1) that one could separate the tions. All major scattering mechanisms, including acoustic
carriers from the parent donors by growing a modulation-2nd optical phonons, ionized impurities, and alloy disorder,
doped heterostructut®DH). However, it was not until the have been taken into account. In Sec. Il the electronic struc-
late seventies that the molecular-beam-epittMBE) tech-  ture of the 2DEG in the AlGa ,N/GaN MDH is described.
nique was sufficiently developed to grow such structdres. Section Il discusses the mobility calculations in detail. The
Subsequent studies involving the,B8la, _,As/GaAs system results of the calculations as well as their relation to experi-
showed that electron mobilities could be increased up ténentally obtained mobilities are the focus of Sec. IV. Fi-
three orders of magnitude in MDH’s as compared to bulknally, we summarize our results in Sec. V.
GaAs®~° This discovery was the foundation for the creation
and development of high-speed GaAs semiconductor de- Il. ELECTRONIC STRUCTURE OF THE 2DEG
vices. Concurrent with the experimental development of :
these AlGa, ,As/GaAs heterostructures, there was a burst 1he conduction-band structure of a /i, _N/GaN het-
of theoretical work aimed at modeling the electron mobilities€rostructure near the interface is shown in Fig. 1. In the ideal
in these structures® By now, the electron transport behav- ¢ase, the GaNat z=0) is nominally undoped while the
ior in these materials is well understood. AIXGai_,XN/GaN (z=0) is sglectlvely doped and consists of
In the past five years, GaN has been the focus of intens@ nominally undoped region €@z=—d) known as the
research. Due to its large band gap, tunable between 1.9 angPacer” and an intentionally doped regiorz< —d). As
6.2 eV upon alloying with In or Al and its high thermal GaN has a higher affinity for electrons than, @k 4N,
conductivity and stability, GaN is ideally suited for making electrons from the donors in the &a 4N are transferred
light-emitting diodes, lasers, and detectors operating in thé0 the GaN. The positively charged donors in the
visible to ultraviolet range as well as high-power transistorsAlxGa —xN produce an electric field which creates a poten-
with operating frequencies in the microwave regim_el_z tial well in the GaN, confining the electrons to a narrow Strip
Based on the experience with GaAs, it was natural to growdt the interface, and leading to a quantization of the energy-
Al,Ga _,N/GaN MDH's to try to maximize the electron mo- band structure into subbands. At equilibrium, the transfer of
bilities in GaN, and thus the operating characteristics oflectrons from the AGa,_,N to the GaN is determined by
GaN-based devices as well. Several attempts have bedhe equation
made with a fair degree of succéss!® Some estimates of ) ) )
theoretical mobility limits in these structures have been made Vo 4me (Ng+ Nyog)d— 4me” (Ns+ Ngep) -E
using a three-dimensional approximatidmvhich, although 0 gg VST dep 2eg N, F
accurate at room temperature, is not suitable for low tem- (€N)
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FIG. 1. Schematic diagram of the energy subbands in a single-
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whereVy, Eg, and spacer widthl are as shown in Fig. 1. FIG. 2. Graph of Eq(1), showing two-dimensional electron gas

Ns is the areal(two-dimensiongl electron concentration in density in the GaN as a function of AGa, N doping concentra-
the GaN,Ngep is the areal concentration of residual charged;,, (N,) for various spacer widthsd(j. '

impurities in the GaNN, is the bulk concentration of so-
called “remote” donors in the AlGa N, andes is the  pgisson’s equation, calculated an expression for the potential
static dielectric constant of GaN. Assuming that only onegnergy of the electrons which contained the parameter. A

subband is occupied, the Fermi enefgy is given by simple variational calculation to minimize the total energy of
52 the electrons was performed to determine the value of the
= - parameter. Using this value, the resulting expression for the
Er=Eot — Ns, ) . , ; o ,
m potential energy was inserted into the Sclinger equation

is the two-dimensional density of states in (4) to determine the electronic energy levels and another
wave function. This wave function could then be compared
to the old one. Naturally, an exact solution to both equations

where m* / 42
GaN, andE, is the energy of the lowest subband. In most

cases , the product of the bulk residual charged impu- ; . . .
Naepi P g PU” -an only be found numerically, but our intention was to find

rity concentration and the effective width of the electron gas ; . s
can be made at least two orders of magnitude smaller that]i1e closest possible analytic approximation to the true an-

Ng, and thus can be neglected in this equation. In Fig. 2, thgWer- . . . .
two-dimensional electron-gas density is shown as a functio& Previous calculations of 2DEG in Si and in the
of the ALGa_ N doping level for a A} Ga sN/GaN [,Ga, _As/GaAs system have shown that
structure with a variety of spacer widths.
In order to determine the GaN conduction-band structure o= Pxyx(2)= ¢x,y(
and quantized energy levels of the 2DEG, Poisson’s equation
4 4 where ¢, , is a two dimensional plane-wave wave function
V2= — w__27 |2, 3) andb is a variational parameter, is a good approximation to
€ € the electronic wave function of the lowest subband. Using
this as our starting ground-state electron wave function, we
tried a number of different analytic forms, finding that

3

2

1/2
z exp(—bz?2), (5)

and Schrdinger's equation with GaN effective mas®,
2

- 2m*

2 — 2

VAHVI=EY, @ x(2)= % 22exp(—bz/2). (6)
must be solved self-consistently for the electronic wave
function’ In our calculations, the potential-energy term minimized the energy of the electrons. The parambteof
consists of the electrostatic potential energy as well as theourse, depends on the electron-gas density and is a measure
exchange-correlation energy of the electrons. The form off the width of the 2DEG. As a function of the electron
the exchange correlation energy was taken from a paper byensity,b varies roughly adNg>".
Hautmann and Sand&twho used an expression derived by  In Fig. 3, we show the energy levels of the lowest three
Gunnarsson and Lundqvist. subbands as a function of the electron-gas density. As can be

In order to solve the two coupled equations, we startecseen, only the lowest subband is occupied for electron con-
with a trial wavefunction with one free parameter and, usingcentrations below 4%10'2cm™2 At greater concentra-
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T AL T T TABLE I. Material parameters used in our calculations.
Effective mass ifi* /mg) 0.21
Density (g/cm) 6.1
€9 9.5
-y € 5.35
% LO-phonon energymeV) 90.5
e Lattice parametea, (&) 452
; Acoustic-phonon velocitycm/9 6.6X 10°
o Piezoelectric constariRef. 16 (hy,) (V/cm) 4.28x 10
[0 Deformation potentia(Ref. 21) (eV) 8.5
Lﬁ Elastic constantsc, (dyn/cnt) 2.66x 10"
cr (dyn/cnf) 6.2x 101
large energy90.5 meV} compared to the energy separation
] between subbands, one must take a large number of sub-
— s e bands into account when calculating their effects, and, in so

doing, the problem changes from a two-dimensional to a
three-dimensional one. This corresponds to the fact that elec-
trons which absorb an optical phonon gain so much energy
that they can be scattered completely out of the confining
elPotential and into the bulk. Thus, in calculating the optical
Bhonon limited mobility, we have used a variational prin-
ciple method® and general Fermi-Dirac statistics in a three-
dimensional approximation. The GaN material parameters

tions, the higher subbands will become occupied and theiY"hICh we used in our calculations are shown in Table I.

actual energies will deviate from those shown, which were _
calculated assuming that only the lowest subband is occu- A. Phonon scattering

pied. The energy separation between all subbands except for phonon scattering plays an important role in limiting the
the first and second is very small, so that once the electrogjectron mobility in 1ll-V semiconductors. The three most
gas concentration exceeds about HY'? cm %, many sub-  important phonon-scattering processes are deformation po-
bands become occupied very quickly, resulting in a l0ss ofential acoustic, piezoelectric acoustic, and polar optical. Al
true two-dimensional behavior of the gas and a lowering Okhree of these processes have been studied extensively in
the mobility due to intersubband scattering. For this reason ik semiconductors.
in the mobility calculations which follow, we treat only the |5 MDH's, although the movement of the electrons is
case in which the lowest subband is the sole occupied levegonfined to a thin layer of perhaps 100 A near the interface,
it is usually assumed that acoustic phonons can propagate
lll. SCATTERING MECHANISMS freely in all three dimensions. The relaxation time for the
interaction of confined electrons with three-dimensional
coustic phonons due to screened deformation-potential scat-
&&ring is given by

10" 10'2
Electron gas density (cm™)

FIG. 3. The lowest three energy subbands in the quantum w
plotted as a function of GaN electron-gas density. The heavy dotte
line shows the position of the Fermi energy.

Due to the multitude of previous mobility studies in vari-
ous materials, the dominant scattering mechanisms are w
known for all semiconductor®. We take into account scat-

tering by acoustic and optical phonons, ionized impurities, * o2

) : ; 1 3m*agbkgT [~
and alloy disorder. In our calculations, we consider a range —=——a— | S(q)%(1—cosh)d®, (8)
of electron concentrations for which degenerate-electron sta- Top 16mh~c  Jo

tistics may be used at temperatures below 60 K. In this case,h is the def i tentiab is th iational
the total relaxation time can be calculated as a sum of th&/"€r€ac IS the deformation poten iah is the variationa

relaxation times due to each scattering process by Matthie@arameter in Eq(.6), ¢ is the elastic constant, ai#{q), the
sen’s rule screening factor, is

1 1 q
o = S(q)= —————, 9
Ttot_zl T @) (@) g+asH(q) ©
At temperatures above 80 K, the validity of this relation with

becomes questionable due to the relaxation-time approxima-

tion made for inelastic optical phonon scatterfhgnd be- H =fmdzfmdz’ 22v(2)2 exol —alz— 2’
cause of the limited applicability of degenerate statistics. (@ 0 0 xX(2)°x(z) A= D
However, at these higher temperatures, the mobility in these 3 ) 5 3
heterostructures is dominated by scattering from polar opti- _ b(160°+2%7q+200q"+59°)
cal phonons. Because optical phonons in GaN have such a 16(b+q)* ’

(10
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1 _lelas f 2f, +(q)d@ 12
and gs=2m*e?/e 2. The change in electron momentum .t  mwhk? as(Q)"f 7(q)df, (12
g during a scattering process is related to the scattering angle.th
0 betweenk and k+q by q=2kgsing/2. For a degenerate wi
electron gas, we sét=Kk. * 9
For the zinc-blende structure, the relaxation time for a =(ehy)? —— =,
screened piezoelectric mode scattering is calculatédl by 4htc, 32 (13)
1 1 2 b’ m* 13
- =(e T
e T + TT’ (11) aTt ( 14 a7 cr 64
where and

_ 13+78(g/b)+72(q/b)*+82(q/b)*+36(q/b)*+6(q/b)°
L(a)= 131+ (q/b)]° ’

~ 1+6(g/b) +12(q/b)?>+2(q/b)®
fT(Q)_ [1+(q/b)]6

(14)

The combination of these two scattering procesdeforma- by other conduction electrons. However, in order to achieve
tion potential and piezoelectiigives the contribution to the the high electron concentrations needed for efficient screen-
relaxation time from acoustic phonons. As can be seen fronng, the crystal must itself be highly doped, leading to higher
Egs. (8) and (12), the acoustic-phonon-scattering rates areconcentrations of ionized impurity centers and effectively
linear functions of temperature. This approximation is true ahegating any beneficial screening effects.

temperatures at which the thermal energy is greater than the In an ALGa, _,N/GaN MDH, we consider two different
acoustic-phonon energy. At lower temperatures, in theypes of ionized impurity scattering. The first type is scatter-
Bloch-Grineisen regime, since only phonons with smalling by residual ionized impurities in the GaN, which works
wave vectors will participate in scattering, the relaxationas described above. The second type is scattering by the
times will increase superlinearly and the above expression®nized donors in the AGa,_,N barrier left behind by the

will overestimate acoustic-phonon contributions to the totalconduction electrons. Since the electric field of the ionized
scattering raté® However, since temperature-independentcenters drops off as the distance squared, this type of scat-
processes, such as Coulomb scattering, tend to dominate thering is much less effective in limiting the electron mobility.
low-temperature mobility, the deviations of the acoustic-A further type of Coulomb scattering which we have not
phonon-scattering rate from linearity will have little effect on considered is scattering by charges at the heterojunction in-
the total mobility. terface.

As stated above, since the optical-phonon energy is large In order to calculate the relaxation times corresponding to
(90.5 meV} compared to the energy separation of the subihe two types of screening, we follow the standard method
bands, the highly inelastic nature of polar optical scatteringsee Hirakawa and Sakdki where
makes the total scattering rate the sum of many intersubband
and intrasubband scattering processes. This results in a _ f”y( 0)do (15)
smearing out of the characteristic features of a 2DEG, the Teou Jo '
most important one being the density of electrons within the
potential well. For this reason, the relaxation time for scat-With
tering of electrons in this 2DEG by optical phonons is ap- 2
proximated by that calculated for the bulkthree- v(0)= M (q_s) f dZ S(q)F(q,2)]>N(2),

dimensiongl semiconductor case using the variational 2m* q
method?° (16)

whereN(z) is the distribution of Coulombic scattering cen-
B. Coulomb scattering ters,$(q) is given in Eq.(9), and

The greatly enhanced low-temperature mobilities found in
modulation-doped heterostructures over bulk semiconductors F(q,2)= f dz'|x(z')[%exp( —alz—2']). 17
are due to the difference in the scattering of electrons from
ionized impurities. In bulk semiconductors, the ionized im-The integral in Eq.(16) over z can be divided into three
purities occupy the same region of space as the conductidntegrals, corresponding to scattering from remote ionized
electrons, making Coulomb scattering a very efficient proimpurities in the doped AlGa_,N (—L<z=<-d) and in
cess. Of course, the electrostatic interaction between an iotkhe AlL,Ga _,N spacer (- d<z=0) and scattering from re-
ized donor and a conduction electron is somewhat screeneasidual impurities in the GaNz(>0). The contribution due to
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ionized impurities in the spacer layer can be neglected for F T ——r—pT
concentrations up to #®cm3 for spacers of less than a few - Def. potential Residual impurity
hundred A L + piezoelectric

1 Optical |
\
. : . 7 / 1
Our calculation for the Coulombic scattering rates has 10" i J |/
~,
\
\

phonon ]

been performed in a temperature-independent approxima- ~— F X ]
tion, assuming that all scattering events involve electrons at F S \ __________ v ]
the Fermi level. At temperatures above 100 K, when the S~ 6 SO X

Fermi energy starts to shift upward, the approximation is no 10°

longer valid, and overestimates the Coulombic scattering
rate. However, at such temperatures, the mobility is domi-
nated by phonons, so our results for the total mobilities are
still valid.

10° |

Mobility (cm

AI0.15Ga0‘85

Although the wave function that we have used for the 10* d=200A

2DEG disappears at the interface, due to the finite potential F N, =7x 10'7 em™®
barrier, some electron density will inevitably penetrate into [ T
the Al,Ga, _,N alloy. Thus we need to consider scattering of

the electrons due to alloy disorder. Following the procedure 1 10 100
outlined in Ref. 8, we take the relaxation time for alloy dis- Temperature (K)
order scattering to be

N/GaN
C. Alloy disorder

FIG. 4. Temperature dependence of the mobility in a
1 m*x(1—-x)Q(V)? (o s Al 1Ga gN/GaN MDH. All curves are calculated mobilities. The
- = 73 7x|X (2)|*dz, (18)  2DEG density for this case is 6201 cm2 and the concentration

.
al of residual ionized impurities in the GaN is<110* cm ™3,

where (V) is the conduction-band offset between AIN and _ o
GaN, Q) is the volume of a unit celk is the Al fraction in the ~ Sence of good estimates for the strength of this field, we have

Al,Ga,_,N andy’(2) is the part of the wave function which @IS0 excluded this effect from our calculations.
describes the penetration of the electron gas into the alloy:

IV. ELECTRON MOBILITIES IN Al ,Ga;_,N/GaN MDH’s
o, Ame® (1 8m* V| 12
x'(2) :SsVo > Ns+ Ngepi| €X 7 z|.

In order to see the relative importance of the various scat-
tering mechanisms described above in determining the total
mobility, we first examine the temperature dependence of

Alloy disorder scattering rates are quite sensitive to théh® 2DEG mobility. In Fig. 4, the total mobility as well
electron-gas density, varying as the squardlgf This de- @S the component mobilities of the eIectrqns in an
pendence corresponds to the degree to which the electronft|0.18G.69N/GaN structure are shown as a function of tem-
wave function penetrates the barrier into the@d,_ N. As  Perature in the range from 1 to 300 K for a fairly “typical”
alloy disorder is a short-range interaction, the screening of€terostructure with a 200-A spacer. As mentioned before,
this potential has been neglected. In this paper, all alloy dis@ll Coulomb-type contributions were calculated in a
order scattering times and contributions to the mobility ar€mperature-independent approximation, so the contribution

calculated assuming an Al fraction of 15% in the {0 the mobility from all types of ionic impurities appear as
Al Ga, N layer. straight lines. Since the relaxation time for Coulombic scat-

tering processes is inversely proportional to the impurity
concentration, it is easy to recalculate this graph for different
impurity concentrations.

Some effects which we have not considered are interface At very low temperatures, the electron mobility is domi-
roughness scattering, scattering due to interface charges, andted mainly by alloy disorder scattering and interactions
the effect of the lattice mismatch between @k _,N and  with the Coulomb field of the remote donors. Starting at
GaN. These scattering processes can be easily incorporatatiout 5 K, acoustic-phonon scattering becomes the main
into the calculations. However, as our aim was to determinenechanism limiting the mobility through both deformation
inherent mobility limits in these heterostructures, and ex-potential and piezoelectric scattering. The strengths of both
tremely flat surfaces can be obtained through MBE growth ofypes are roughly equal. Of course, the exact temperature at
these structures, we have ignored interface roughness scathich acoustic-phonon scattering becomes dominant will de-
tering. The lattice mismatch between,8la;,_,N and GaN pend on the remote donor concentration as well as the spacer
will produce a strain field at the interface, which in turn will width and alloy composition of the A5a, _,N layer. As one
produce an electric field. If this field is uniform in directions would expect, at temperatures above 170 K, the mobility is
parallel to the interface, it will have no effect other than tolimited by polar-optical-phonon scattering.
alter the transfer of electrons from the , & _,N to the As we can see from Fig. 4, the inherent mobility limit in
GaN. Otherwise, if the electric field is nonuniform, it can bethis particular MDH, which saturates at roughly
expected to have some effect on the mobilities. In the ab8x 10°> cn?/V s is set by a combination of alloy disorder,

D. Other scattering mechanisms
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o FIG. 6. Comparison of experimentally obtained mobilitieef.

FIG. 5. Temperature dependence of the mobility in aj5) with a three-dimensional model for GaN mobilitiéRef. 24.
Alo15Ga gdN/GaN MDH which more closely approximates what The component mobilities from optical and acoustic phonons are
can be achieved today. The residual ionized impurity concentratioghown, along with a component for the contribution of Coulombic
in this calculation is & 10%° cm‘3 and the doping level corre-  geattering from residual impurities. The theoretical curves were cal-
sponds to a electron gas density of 2GH)? cm™2. culated forNg=6X 102 cm~2, assuming an effective width of 500

A for the electron gas. The Coulomb scattering contribution to the
remote ionized-impurity, and to a lesser extent, phonon scatnobility was adjusted in order to fit the experimental data.
tering. There are several ways one could increase this inher-
ent limit. Using wider spacers, the remote donor contributiorthree-dimensional electron gas, thélfequency of the os-
can be made negligible even for concentrations up taillations corresponding to the area of the cross section of the
10?° cm 3. Alloy disorder can be made less severe either byFermi sphere. We have modeled these experimental mobili-
changing the Al fraction of the AGa _,N or by reducing ties using a three-dimensional framework which has been
the electron density which can be accomplished by growinglescribed elsewhefé,and the results are shown in Fig. 6.
wider spacers or reducing the remote doping concentratioVe find good agreement with experimental data for a ionized
By optimizing these parameters, the inherent mobility of aimpurity concentration of 1.2 10'” cm~3. Of course at such
Al,Ga,_,N/GaN MDH can theoretically be increased to al- high electron concentrations, alloy disorder scattering should
most 6x10° cn?/V s [see Fig. 8A)]. It should be noted also be taken into account. In order to observe true two di-
however, that obtaining such mobilities puts very stringentmension behavior, the doping level of the @k _,N must
requirements on the purity of the GaN layer. The residuabe reduced so that electron-gas concentrations less than
charged impurity concentration must be less thanabout 4< 10" cm™2 are achieved.
108 em2, Another parameter which affects the mobility and may

Figure 5 shows the calculated temperature dependence efsily be varied is the electron-gas density. There are several
the mobility for a MDH structure which better approximates reasons for the dependence of the electron mobility on the
what can be grown today. As one can see, we would expectensity. First, as the electron density increases, the Fermi
mobilities well in excess of Y0cn?V s. However, a search energy increases, as does the magnitude of the Aexac-
of the literature shows that the highest published mobilitiedor. Since most of the scattering processes that we consider
for such a structure are still only about 7500 with accompaare elastic, the vast majority of them occur at the Fermi
nying electron-gas densities of<6L0'2 cm2 or greatel®  energy where there are an abundant number of occupied
Comparing these densities with the results of our calculatiostates to scatter and unoccupied states to scatter into, and the
in Sec. I, we see that, at such high concentrations, a gre@rocesses themselves are dependent on the Hewactor.
number of subbands must be occupied because of the efecond, as the electron density increases, the distribution of
tremely close spacing of the higher-lying levels. In this casethe electrons in the well changes, becoming more confined.
although the electrons are still confined to a channel of onlyThis appears as an increase in the paranietarEq. (6). As
about 100 A wide, true two-dimensional behavior would notcan be seen from Eq@8), acoustic deformation-potential
be observed in these structures due to a virtual continuum afcattering is directly dependent dn and increases aNg
bands being occupied, completely smearing out the effects dficreases. Increaseg also results in better screening of
the z-direction quantization. The single period Coulomb potentials, and leads to less efficient scattering by
Shubnikov—de Haas oscillations observed with these strugenized impurities. Finally, as mentioned previously, pen-
tures is due to the spherical Fermi surface formed by thetration of the wave function into the alloy layer increases
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N ———— For the MDH with no spacer, the dominant processes lim-
10 E 1 1 1 1 p p
R, o ] iting the mobility is Coulomb scattering by remote impuri-
L~ \ Residual impurity p . . . . .
NN NN ] ties. At higher doping concentrations, alloy disorder also
R Piezoelectric 1 plays a significant role in reducing the mobility. In FigBj,
107k X, N1 mobilities in a MDH with a 200-A spacer are shown. As
n i = Seg-----— 77 . ] expected, Coulomb scattering from remote donors is now
P NS Deonation ] much less important at low doping concentrations—residual
NE 6 N S~ o \ ] ionized impurities in the GaN now account for the bulk of
S 10° R Remote donors %, TR~ the scattering. If this background-ionized impurity concen-
> i “\ ' ] tration can be reduced further, we may reach a point where
Total N Alloy disorder h i . ’ !
= I R ] piezoelectric mode scattering by acoustic phonons is the
0 5 \\/ dominant effect. As the remote doping concentratiand
§ 10° 3 thus the electron-gas dengitys increased, the Coulomb
EAI Ga. _N/GaN .. ] fields of the residual impurities are effectively screened,
[ 01577085 ‘ causing that component of the mobility to increase. Although
4 No spacer the remote donors are more effectively screened as well, the
10" F 4K E increase in their number leads to an overall lowering of that
o - - il e contribution to the mobility. Scattering by alloy disorder also

10" 10'® 10'7 10'® 10'® 102° becomes important at hig_h el_ectron_ densities. Another fea-
ture of the results shown in Fig(B) is that, above remote
(@) Remote donor conc. (cm'3) doping concentrations of 810" cm™3, the mobility levels
off. Looking at Fig. 2, we see that, for heterostructures with
T a 200-A spacer, the electron d_ensity saturates at this doping
: " Aloy disord Al Ga N/GaN ] concentration due to the potent_|al drop across the spacer, and
h e 0.15770.85 1 thus there is no further appreciable change in the number of
\\ \ 200 A spacer | remote ionized donors or of the penetration of the electron
N N ; wave function into the alloy.
\ \ Residual impurity J Finally, we examine the dependence of the mobility on
\ 3> Deformation the spacer width. In Fig.(®), the total 4-K mobility is plot-
ted as a function of remote doping concentration for a variety
of spacer widths, assuming a residual impurity concentration
of 10* cm™3. It should be kept in mind that for each differ-
ent spacer, however, the same remote donor concentration
can result in very different electron concentrations. For the
smaller spacer widths, the mobility decreases as the remote
doping concentration is increased due to Coulombic scatter-
ing from the remote donors as shown in Fig. 7. For larger
3 spacer widths, the electron mobility is governed almost ex-
Remote donors clusively by piezoelectric mode acoustic-phonon scattering
and Coulomb scattering from residual charged impurities in
e the GaN. The remote donors are too far away to be effective
10'° 10'® 10'7 10" 10" 102° and the electron-gas density is too low for alloy disorder
3 scattering to play any significant role. However, due to the
) Remote donor conc. (Cm ) large spacer width, the electron density is low enough so that
the residual charged impurities are not well screened. If the

i F.IGAZ' RemOtigoﬁl'qutdepindince of _ttr;]e 4K eleCtrO“(;mb'“'residual ionized impurity concentration is higher, such as
les in Alp.16G% g\/GaN heterostructures with no spacéy and a 4 15 .11=3 i js no longer advantageous to have such a large

200-A-wide spacetB). The GaN background impurity concentra- spacer. In that case, as can be seen from K}, 8he high-

g PR

tion is 110" e in both cases. est mobilites are actually attained by growing only a 200-A

with the electron density, affecting the scattering rate due tspacer with a remote doping concentration of“l@n 3,

alloy disorder. which from Fig. 2 corresponds tdlg=4x10" cm™?, as
The electron gas density in a MDH can be varied by sevcompared to the other spacer widths for which we have made

eral methods, such as changing the gate voltage of a higtalculations. For larger spacers, the electron density is sim-

electron mobility transistor or by changing the remote dop-ply not large enough to screen any residual charged impuri-

ing concentration. Since the electron-gas density saturatdis in the GaN effectively.

quickly for MDH’s with wide spacers, we plot the results of ~ Another situation in which a largel is desired is in

our calculations as a function of remote doping concentradevice applications, in which it is often the conductivitthe

tion, which is related to the 2DEG concentration as shown irproduct of the electron charge, the mobility, &g which is

Fig. 2. Figure 7 shows the remote doping dependence of thie critical parameter which must be maximized. Figuw)9

mobility at 4 K for two MDH’s—one with a 200-A spacer shows the conductivity plotted for a number of different

and one without a spacer. spacer widths at 4 K. In each case, the conductivity has been

\''  potential

107

Piezoelectric 4

Mobility (cm?/V s)

10°%
F 4K

aanzul PRI | srasul aazul




56 ELECTRON MOBILITY IN Al,Ga _,N/GaN . .. 1527

107 e e SN L L I
= 107"
<
’(IT 6 ~
Z 10 e .é,
NE E
S 3
> 2
= 10°} 3
g | 3
- A|0.15Gao.85N/GaN No spacer = 102 1 Alo.15Gao.asN/GaN 4
104 i Nres=1X10130m-3 | 4K
E 4K E PEREE SN S N ST SR WA N SR TN SR RN S N S | — M
[ sl L 0 200 400 600 800 1000
10" 10" 107 10" 10" 10*° @ Spacer width (A)
(@ Remote donor conc. (cm™®) ) X
1 )2 —
[ 200 A 500 A
_____ \_____ ,=10"cm?® -
)
e 10°
o
> N_ =10%cm?® 3
o) [ _
o 1 10'6 3
S AI0‘15Ga0‘85N/GaN No spacer A[o,15Gao.asN/GaN
10* | _ 15 -3 [ ]
; Nres =1x10">¢cm [ 4K
4K 1015(_/...|...|...|...|...
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(b) Remote donor conc. (cm'3) FIG. 9. (A) Maximum conductivity plotted for seven different

spacer widths for AJ,:Ga, gg\/GaN MDHSs with two different re-
FIG. 8. Mobility plotted as a function of remote doping concen- Sidual impurity concentrations, 10and 16°cm™>. (B) Remote
tration for a variety of spacer widths. For low residual ionized im- doping concentration at which maximum conductivity is achieved,
purity concentrations, a large spacer leads to the highest mobilitieglotted for the same spacer widths, again for two different values of
(A). However, if residual charged impurity are present at a highresidual impurity concentration.

level, smaller spacers, leading to larger electron densities, are often .
desirable(B) spacer layer should be grown and the remote doping concen-

tration should be 1810 cm 3. On the other hand, if
- . . . __growing pure GaN is a problem, and residual impurities can-
;naX|m|zed with respect to;he remote %opmg COPS(iemrgt'onnot be reduced below $0cm™3, then the spacer should only
or concentrations in the range between ““10an be made about 200-A thick and the 8la,_,N layer should

0 om-3 : i -
1%2. ﬁn:h - In Figure QBd)’ tth?t d_opln%_ condcgntr?t;?nd ?t be much more heavily dopgdbout 1x 10'° cm™3) in order
which the maximum conductivity is achieved is plotted for "2 imize the conductivity.

the same spacer widths. Again, as with the mobility, the

combination of parameters which produces the highest con-
- . . . V. SUMMARY
ductivity depends on the residual charged impurity concen-
tration in the GaN layer. If it can be made very smaly, We have presented the results of electron mobility calcu-

103 cm™3), then to maximize the conductivity, a 500-A lations for ALGa _,N/GaN heterostructures. In our model,
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we calculated the shape of the potential well and the elechehavior. However, as improvements are made in the quality
tronic wave functions as self-consistently as possible usingf these films, the necessary low densities should be achiev-
analytic solutions. All major scattering mechanisms were in-able in the near future. Our calculations provide upper limits
cluded in the mobility calculations under the conditions thaton the electron mobilities that we can hope to attain in these
only one subband be occupied. The dependence of the m@DEG structures in the future.
bility on temperature and remote doping concentration was
shown, and various strategies for achieving maximum mo-
bilities and conductivities were described. The inherent
maximum mobility attainable in such a structure is about The authors would like to acknowledge Eugene E. Haller
6x10° cm?/V s for very low remote doping concentrations for his support and his suggestions in editing this paper. This
and large spacer widths at low temperature. Maximum conwork has been supported in part by the Director, Office of
ductivities are obtained at smaller spacer widths. Energy Research, Office of Basic Energy Sciences, Materials
Due to difficulties in controlling the doping of the Science Division of the U.S. Department of Energy under
AlL,Ga _,N layer, existing AlGa, _,N/GaN heterostructures Contract No. DE-AC03-76SF00098 and in part by U.S. NSF
show electron densities far too great to display true 2DEGGrant No. DMR-94 17763.
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