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Tailoring of internal fields in AIGaN/GaN and InGaN/GaN heterostructure devices
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A study of the internal electric field distributions in ,8a, _,N/GaN and InGa, _,N/GaN heterostructures
grown on(0001) GaN is presented. The fields are deduced taking into account the device structure, background
doping, and the difference in the tot@pontaneous and piezoelectrfolarization of the layers. Two basic
structures, a multiple quantum well in the depletion region pfajunction and the heterojunction field effect
transistor, are analyzed. The cases where the field distribution can be approximated analytically are discussed.
When charge accumulation is present at the interfaces, a self-consistent solution of théin§enrand
Poisson equations is obtained. By comparing with available experimental data, the polarization field in
Al,Ga, _,N/GaN heterostructures has been estimated for two Al contents.

. INTRODUCTION studies on IpGa,_,As/GaAs piezoelectric quantum
wells 1314 Subsequent experimental results obtaineld irl]-

The optical and electronic properties of GaN and relatedbriented InGa,_,As/GaAs structures led to a more general
semiconductors make them suitable for a variety of devicelescription of the electric fields being present in piezoelec-
applications, such as light emitting diodes and lasers for &ic MQW structures?® From that experience, in this paper,
wide spectral rangkand high-power heterostructure transis-we present a general analysis of the electrostatic fields in
tors (HFET’s).2 Despite the significant progress in material GaN-based heterostructures, and, when possible, accurate
fabrication and in the development of these structures, analytical expressions for these fields are presented. These
number of fundamental aspects of GaN-based heterostruexpressions aim to help in the design process of IlI-N het-
tures are not yet well understood. In particular, polarizatiorerostructures where electric fields are to be tailored.
fields of considerable magnitude are present, inducing high-
sheet carrier concentrations in the case of HFET devites,
and being also responsible for unique optoelectronic proper-
ties in the case of quantum welQW) based structures? Three basic heterostructures are considered to illustrate
The origin of these polarization fields is the symmetry of thethe most simple approximations. Let us first consider a single
GaN wurtzite structure, and it has been shown that botlAl,Ga, _,N layer embedded into a thick GaN layer with the
piezoelectric(strain-inducegl and spontaneou&ero strain  [0001] orientation. We neglect the residual strain in the two
polarizations have significant and comparable magnitudes iGaN cladding layersthey are thick enough to have relaxed
l1I-N heterostructures. the strain due to the lattice mismatch with the substratiee

This paper is focused on how these polarization fielddattice constant of AlGa, _,N is smaller than that of GaN,
lead to electric fields that modify the device bandstructureput for a sufficiently thin A|Ga, _,N layer, the lattice con-
and on presenting design expressions to tailor the electristant mismatch is accommodated by internal strain rather
fields present in heterostructure devices. Such information ithan by the formation of dislocations. The biaxial tension in
needed to determine the resulting potential profile in the hetal,Ga, _,N is given by the three nonzero components of the
erostructure, as it is required for the proper interpretation oftrain tensor
optoelectronic experimental data in quantum wells. These
are, for example, the cases when optical transitions in a QW a.—a,
are analyzed to study the intrinsic quantum confined Stark £1=€,= , (1)
effect® or when the field in the QW is partially screened by
the photoexcited electrons and hofes:, the situation when
the QW transition energies are modified by applying an ex-
ternal bias. In a simple approach, the field in the well is
calculated from the polarization of the layers neglecting the __2C138:.~ 2 @)
device geometry and the boundary conditions imposed by C33 Qe
the device configuratiolf These variables determine the
relative position of the Fermi level with respect to the con-wherec;; are the elastic constants, aad and a. are the
duction band at different points of the structure. In otherin-plane lattice constants of the cladding lay&aN in our
calculations, the device geometry is taken into account byxample¢ and the epilayer (AlGa,_4N), respectively. The
assuming a periodic boundary condition equivalent to takingstrain induces a piezoelectric polarization of the epilayer in
a total potential drop in one periddrell and barrierequal to  the growth direction, that can be calculated either using the
zero®''? This same approach was considered in the earlg;; or thed;; piezoelectric coefficients as

II. UNDOPED IlI-N HETEROSTRUCTURES
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AlGaN Very often, an electric field distribution is assumed such that
@ AE LGN @ ;Lqﬂ the conduction-band profile is also periofit,and hence the
InGaN potential drop across two consecutive layers, of thicknesses

L, andL,, is:

®) W © \l/—Lk]/l\ F.L,+F,L,=0, (6)

giving
© ® .
& - 1. — y _Ll(Pl—Pz) and _LZ(PZ_Pl) )
ViE..--------------JVva[- ----------------- I £ 2 (L1+L2)K ! (L1+L2)K .
i [0001] The resulting conduction-band profile in this MQW struc-

ture is shown in Fig. (b). Expressiong6) and(7) have been
FIG. 1. Conduction-band profiles for: &Ba_,N with semi-  used to estimate the fields in multiple quantum well struc-
infinite GaN cladding layerga). Al,Ga,,/GaN periodic structure  tures that are clearly not perio(ﬂcl
(b) A|XGSS_,XN with finite GaN cladding$c). InXGai,XN QW with Let us now consider the case of undoped
semi-infinite GaN barrieréd). In,Ga, .,N/GaN periodic MQW(e),  GaN/Al,Ga,_,N/GaN double heterojunction with arbitrary
and InGa; N QW with finite barriers(f). AF is defined in the text  jimensions. We cal/; to the difference between the con-
as the change in the slope of the potential at the interface. duction band minimum and the Fermi level at one end of the
5 structure anadVv; to the same difference at the end of the
213 structure close to the substrate. Assuming that the Fermi
€11t Cro— c_33)81‘ level is constant throughout the layers and callfigto the
(3)  difference between the above values, i.e., the difference in

the energies of the conduction-band minima at both ends of
Besides, a spontaneous polarization in both the claddinghe structure, we have

and the epilayer must also be considered. This symmetry-
related polarization has been calculated for GaN, AIN and Fi(Li+Ls)+(AF+F)Lo=Vy, 8

Fre]
InN by Bernardini: For AlGa, N and InGa,_xN We as- \hare| |, andL, are the respective thicknesses of the

sume that the spontaneous polarization can be estimated USan/Al Ga,_N/GaN layers. This case is plotted in Fig
X —X " b

ing a linear interpolation of the values for the binary com-l(c). Neglecting the background doping and assuming that

pounds. Once the total polarization of the layers is knownthe Fermi level is around the middle of the gap at both ends,
we have to apply a boundary condition at the interface of WO, rface and substrate side. we hate=0, and therefore
layers(say 1 and 2 requiring the conservation of the mac- ' ' '

roscopic displacement field in the growth direction: _ Lo(P,—P))
(4) 1 (L1+L2+L3)K

P=Ze—c—13e g, or P,=2d
p 31 Ca3 33/ ¢1 p 31

K1F1+ P1: K2F2+ P2,

wherek; is the dielectric constant, ar| andF; are the total These three simple situations analyzed above can also be
polarization and electric field in layeri*” From expression ~considered when the £Ba _,N strained layer is replaced
(4), we can obtain the discontinuity in the electric field at thePY I'xGa —N. In this case, the liGa, N lattice constantis
interface of the two layers. The approximationsaf~ i is larger than that of GaN and the strain corresponds to biaxial
made in order to have a simple expression for this field discompression. The sign ofF changes and the conduction
continuity band profile for the semi-infinite GaN claddings, for the pe-

riodic potential approximation and for the finite device are

P,—P, shown in Figs. Ud), 1(e), and Xf), respectively.
AF=F,—Fj=——. (5

IIl. DOPING EFFECTS AND P-N JUNCTION STRUCTURES

To determine the electric field distribution in the structure,
additional information about the doping and thickness of the
layers is required. The simplest approximation assumes un- Let us now consider a pseudomorphietype doped
doped semi-infinite cladding layers, where there is zeroMQW with strained A|Ga N barriers(thicknessL,;) and
electric field. In this case, E@5) tells us directly the field in  GaN quantum wellgthicknessL,,;), incorporated in then
the epilayer. The schematic bandstructure is shown in Figiegion of a p-n junction diode. Let us assume a thick
1(a) for this simple AlGa, _,N/GaN double heterojunction. (enough to accommodate the depletion repistype-doped

This basic structure is of little practical interest, since theGaN layer on the top. For simplicity, we assume that both
active region of usual QW-based devices is only a few hunthe donor and acceptor concentratioNg, andN,, are uni-
dred angstroms, and electrostatic fields may be significant iform in then andp region, respectively, although results can
those cladding layers and cannot be neglected. As a secorasily be generalized. The schematic conduction-band profile
example, let us now consider a periodic,88 ,N/GaN is shown in Fig. 2a). For the calculation of the fields we use
MQW structure. A pseudomorphic sequence of layers withtwo well-known approximation¥ One is the abrupt metal-
the in-plane lattice constant given by that of a thick, relaxedurgical junction hypothesis, and the other one is the deple-
GaN buffer is assumed in this case and throughout the papeion approximation, where a depleted region with negative

A. Role of polarization fields in p-n junctions
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FIG. 2. Sketch of the potential variation with distance in a GaN
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charge is in a region of lengtK, in thep side and a depleted : ' i
region with positive charge is in a region of lengfh in the ?
n side. The charge distribution must include the polarization —
charges associated with polarization fields (piezoelectric -500
+spontaneous) at the interfaces.

We now apply the charge neutrality condition, Position (A)

_______________

NaXp=NpXny (10) FIG. 3. Energy-band diagram for three GaN@8& _,N QW’s

of 5, 9, and 13 monolayers. The sequence of layers is shown in the
and the superposition principle to find the total potential dropupper part of the figure. The potential calculated using the theoret-
in the device, that, in the absence of an externally applietal polarizations is plotted with dashed line and that produced by
bias, is precisely the built-in voltagé,;. This voltage can the fitting to the experimental field in the wellafter Ref. § is in
be computed from the GaN band-gap energy and from theolid line. The first three wavefunctions are superimposed upon
doping level in then- and p-type regions® The total poten- their respective energy levels. The self-consistent charge distribu-
tial drop is the sum of that due to the doping and that due tdion is shown with dot-dashed line.
the field discontinuities produced by the polarization fields,
resulting a total depletion width of polarization-related potential drofsum under the square
root in Eg. (11)] may be comparable and give a negative
_ value under the square root. There is, however, a limit to our
(vbi > AFiLbi). donleti HHare 100
i epletion approximation, given by the fact that electrons can
(11 accumulate at the GaN/Aba _,N interface closest to the
substrate side of the structure, forming a two-dimensional
.The. strength of the. eleptrostatic field changes linearlyzhannel confined by the ABa_,N-GaN band discontinuity.
with distance from the junctiorg If we now consider a dual structure, composedQffo1]-
N oriented InGa, _,N/GaN QW'’s, the field discontinuities
F(X)=F,— MX, (12)  have opposite sign and there is an increase in the depletion
K width and in the maximum field strength present in the junc-
tion. Figure Zb) displays the conduction-band profile in this
case, sketched using the depletion approximation. In general,
qNa the fields might be different from well to well, depending on
F(X)=Fmn— = X (13 the density of ionized impurities as given by expressit®).

2k
q

Na+Np
NpNa

W=X,+ X, =

in the n-type region, and

in the p-type region. F, is the maximum field in the junc-

tion, and is given by the equation for the total potential drop B. Charge accumulation effects

We now consider an example of IlI-N heterostructure
EF W (14) where carrier accumulation is expected to be present, and a
2 M self-consistent calculation of the fields has to be performed.
The structure has been fabricated to study the influence of
In Egs.(11) and(14) each term of the formAF,L,; cor-

built-in polarization fields on the quantum confined Stark
responds to the potential drop in each of thgGd, N

effect® It consists of a relaxed GaN buffer layer, 500 A of
barriers, and they are positive, according to the values of th&l, 1:G& g\, three GaN quantum wells of widths 13, 9, and

polarization fields. This means that both the maximum elec5 monolayers separated by 50 AjAlGa, s\ barriers, and
trostatic field and the depletion width are lower than the300 A-thick Aly1,Ga gdN on the top(Fig. 3. The sample
values calculated neglecting the effect of polarizationwas nominally undoped, bui-type background doping of
charges. The magnitudes of the built-in voltage and thearound 18’cm™3 can be expected in the molecular-beam

Vbizzi AFiLbi+
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epitaxy (MBE) growth. Comparing this sample with tieen  polarizations of the GaN and Xba,_,N and hence we can-
junction structure analyzed above, we have to take into aciot split from this analysis, into values for the spontaneous
count that an AlGa;_,N terminated structure should have a polarization or for the piezoelectric polarization, separately.
surface voltage due to the pinning of the Fermi level someTo obtain the best fit to the experimental electric field, the
where in the middle of the gap. Therefore, this is a particulanew conduction-band potential profile in the MQW is dis-
case of our model in which there is nopaype region, but played in Fig. 3 as a solid line. As mentioned previously,
the built-in voltage is given by the pinning of the Fermi there is charge accumulation at the GaN@d _,N inter-
level. The situation is similar to the one-side abrpgt-n  face close to the substrate. This figure also includes a plot of
junction. the first three confined electron wavefunctions and the
For the A}, ;1,Ga gfN/GaN heterojunction, using the val- charge distributionn(z), in the MQW structure. The calcu-
ues for the polarization fields taken from Ref. aF lated accumulated D charge is 3102cm 2
=1.1MV/cm is obtained. The total barrier length of the The same calculation procedure has been applied to a
structure is 500 A 2x50A+300A=900A (the barrier similar MQW structure now with four GaN/ph,Ga s\
close to the substrate, the two barriers for the quantum wefjuantum wells of different thicknessésampleB in Ref. 8.
in the middle, and the barrier on top of the structure areVe have found the same result for the field discontinuity at
added. Therefore, the total potential drop associated withthe GaN-A} ;,Ga gd\ interface. In both cases, we have con-
polarization fields is calculated as 9.9 volts. This is muchsistently assumed a surface Fermi level pinning at the middle
higher than any reasonable value for the built-in voltage irof the band gaga surface voltage of 1.8 Vand a back-
the structure. This is clear example where carrier accumulaground doping of 18 c¢m™2 donors. Since there is charge
tion must occur at the bottom GaN/ALGa, s\ interface, accumulation in both this and the previous structure, expres-
and the fields have to be deduced from a self-consistent casion (11) and the related analytical formulas for the fields
culation including the background doping and the surfacecannot be applied. However, an alternative analytical ap-
voltage. We have performed this type of calculation follow- proximation to the field in the wells is now derived that can
ing the scheme previously described for piezoelectridoe used to study the effects of varying the structure critical
In,Ga, _,As/GaAs structure§’ The material parameters for parameters, as background doping, surface voltage or polar-
the I1I-N systenT, an electron effective mass of O@gand a  ization fields.
conduction-band discontinuity given by 75% of the differ- ~ Let us callVy; the total potential drop in the region from
ence in AlGa,_,N and GaN band gaps have been used. Wéhe surface to the GaN-A;Ga g\ interface at the sub-
have incorporated the spontaneous polarization in all the laystrate side. This voltage is given by the surface voltatije
ers along with the boundary conditions given by expressiorierence between the conduction band and the Fermi level at
(5). The background doping can be determined from electrithe surfacg minus the difference between conduction band
cal measurements on single GaN layers grown separategnd Fermi level at that interface. This last term is much
under the same conditions. Typically, a donor concentratiohower than the first one for Al contents lower than about 15%
of around 16”cm™3 is found. The surface voltage is deter- and 2D charge densities higher than about?@n?, as it
mined by the surface Fermi level pinning. The exact positioris our case. The total potential drop is the sum of three terms
of the Fermi level at the AGa, N surface is not known. In  due to the polarization fields, the background doping, and the
order to explore the consequences of our model, we havaccumulated charge at the interface.
assumed that the Fermi level on barg@& ,N surface is NAW2
at mldgap.,.als in the weII—establls_hed case qm,xAs.ls Vi=S AF L+ Ny FEW, (15
The sensitivity of our result to this assumption is shown at i 2k
the end of this section. . , . :
Figure 3 shows the results of the self-consistent calcula\—Nhere in the f|rst_ term of th_e right-hand side the p_arameters
tion. First, we have considered exactly the same parameterd® those used in Eq1), in the second termN, is the

including the total field discontinuity of 1.1 MV/cm obtained résidual doping, and is the total separation betvyeen the
from expression(5), as in Ref. 8. The field in the well surface and the D accumulated charge. In the third term,

calculated using the approximation of periodic potential,':s is thg field due to the eIecFrons at the_interfage. The above
depends on the well width, as shown in expressidin and expression allows us to obtain an analytical estimation of the

is in the range of 750 to 620 KV/cm. The self-consistentﬂeld in the well at a qlistancbb from the subgtrate, i.e., the
potential profile shown in Fig. 8dashed lingallows us to 'St QW grown. This is the sum 67 and the field due to the
deduce more accurately the field in each well, yielding!®nized donors:

values in the range of 850 to 900 KV/cm. This value is

about twice the experimental field strength of 450 KV/cm —Vi+ >, AFiLy+
estimated from a detailed analysis of the QW transition aNg i
energies dependence on well width, as measured by N
photoluminescenc®.

To track this problem, we performed a second calculation It is important to note that in the samples studied by Le-
where the total field discontinuity is now varied, trying to get roux et al,? the values of the field in the well obtained by
an agreement between the measured and the calculated fiekisth the self-consistent calculation and by using expression
in the well. The total field discontinuity has to be reduced(16), agree with the experimental value of 450 KV/cm. The
from 1.1 MV/cm down to 650 KV/cm. It is worth noting that magnitude ofV¢; has been taken as 1.5 Nower than the
this field discontinuity is given by the difference in the total surface voltage of 1.8 V due to the contribution of the Fermi

(16)
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level above the GaN conduction band at the interface with 20— T T ML A
Al 1/Gay gN). The field discontinuity introduced by the po-
larization fields is the value that we have deduced above 16}
(650 KV/cm instead of the theoretical value of 1.1 MV/cm
for GaN-Aly 11Ga gd\), and the residual doping is the same

in both MQW samples, f8cm ™2 donors. E "2 ]
Expression16) allows us to determine how a given error Zosl

in the surface voltage leads to a corresponding error in the E’ ]

field discontinuity,AF, when the rest of the variables are i 04k

kept constant. If the surface voltage is, for example, 1 V ) .

higher than the 1.8 V assumed, then our estimated field dis-

continuity of 650 KV/cm increases 1 V/900 A or 111 KV/ 00F
cm. The hypothesis of a pinning of the Fermi level at midgap 400
is supported by a predicted reduction of the field discontinu-
ity, with respect to the available theories, which is consistent

with - similarfindings in several structures based On piG 4. calculated conduction-band profile at 0 V for the HFET
AlyGa _,N/GaN for various Al contents. One of these casesstrycture described in the text. The corresponding low-energy wave
is shown in the next section and additional compositions ar@unctions and charge distribution are also shown. The Fermi level is
considered in Ref. 4. plotted with dot-dashed line. The sketch of the potential profile in
From the discussion in this section we conclude that thghe case of depleted channel is included in the inset, with the defi-
relative magnitudes of the built-in voltage and polarization-nition of different symbols used in the text.
related potential drop in the whole structure determines
whether or not there is charge accumulation. If there is suchroblem is similar to the one solved for the multiple quantum
effect, expressio(i16) may give a good approximation to the well structure, but having only one &ba,_,N/GaN hetero-
exact self-consistent field determination. junction and a varying doping distribution. To estimatg
we can use an expression similar to Efj5), making zero
the field due to the confined charge, and including the ap-
plied bias at threshold, the Schottky barrier heigfat, the
Let us note that the potential distributions plotted in Fig. 3conduction-band discontinuitkE., and the position of the
are very similar to those present in conventionalFermi level with respect to the GaN conduction bahgl.
Al,Ga _,N/GaN heterojunction field effect transistérdn ~ We can write that
fact, we have used our model to simulate the electrical char-
acteristics of this kind of structures, and by fitting the HFET qNgW?
experimental data, values of the polarization fields also lower (—Vin+Ve—AE.+Ep) =AFLy+ 2k (17)
than those calculated by Bernardihave been obtained. Let
us consider a HFET structure with a nonintentionally dopedvherelL, is the total thickness of the &Ba, N (spacer and
(NID) GaN channel-buffer layer, followed by a 30 A-thick doped barrierand W is the thickness of the doped region.
Aly,Ga, 7\ spacer and am-type-doped, 280 A-thick, The conduction-band profile corresponding to this depletion
AlyGay 7\ barrier layer with a doping level of 2 situation is shown in the inset to Fig. 4.
x 10 cm 3. This structure has been experimentally studied For voltages of magnitude lower than the threshold volt-
in detail, and the results of the electrical and structural charage, the confined charge determines the band structure and
acterization will be reported elsewhértn this paper, we are vice versa; we have used the self-consistent model to calcu-
interested, first, in the analogies with the structures describeldte the charge in the channel and compared the result with
previously, justifying the self-consistent calculations, andthat determined from capacitance-voltage measurements at
second, in determining the polarization fields that are needeziero volts applied to the gate. The results of this calculation
to fit the experimental HFET characterization results. are plotted in Fig. 4. By using the theoretical value of the
Our one-dimensional model for the heterojunction FETpolarization fields, the calculated charge in the channel is
considers a Schottky barrier metal-semiconductor junctiori.1xX10"cm 2, whereas the measured value is 6.4
on top of the structurégate, and applies the charge neutral- X 10'2cm™2. The origin of this discrepancy could, in prin-
ity condition for the whole devicéa zero electrostatic field ciple, be related to the uncertainties in the structural param-
at a certain point far from the channel, in the GaN buffer, iseters used in the simulation: Al composition, thicknesses,
assumejl The device that we are considering is a normallySchottky barrier height, background doping, and intentional
on FET, and to determine the charge in the channel and théoping concentration, among others. Therefore, it has been
bandstructure at zero volts we have to solve the selfnecessary to analyze the structure by using several physical
consistent problem. When the reverse bias applied to the gatharacterization techniques, to reduce the number of vari-
increases, the charge in the channel decreases, and eventualbjes, as described in Ref. 4. The Al composition, thick-
disappears at a voltage called the threshold voltdge For  nesses, and intentional doping given above are the result of
even higher reverse biases, a depletion region in the buffer such analysis. A Schottky barrier height of 1.44 V and back-
formed, associated with the residual donors in the GaN layeground doping of 18 cm ™2 are assumed. Thus, we deter-
and whose width increases for more negative gate voltagemined a polarization fieldfield discontinuityAF) that si-
For reverse voltages greater or equaltg, the electrostatic multaneously fits the experimental values of both the

Position (A)

IV. HETEROJUNCTION FIELD EFFECT TRANSISTORS
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threshold voltage and the charge in the channel with zertric fields have been obtained, the cases where they can be
volts applied. Expressiofli7) and self-consistent simulations used have been discussed, and they are intended to help in
were used, respectively. For an Al content of 0.22, we havehe design of heterojunction structures when a tailoring of
found a polarization field of 1.2 MV/cm, as compared to thethe electric field is required. Self-consistent calculations are
2.3 MV/cm theoretically determinetiAs in the MQW case needed to describe the potential variations when there is
analyzed in the previous section, it cannot be said, from thisharge accumulation at the interfaces. This may be the case
study, whether the spontaneous polarizations or piezoelectrieven in nominally undoped AGa _,N/GaN MQW struc-
constants are wrong or there is a source of extra polarizatiotures, as it has been analyzed here. In MQW structures and in
at the GaN/AJGa, _,N interfaces. The situation is similar to HFET devices, by comparing our calculations with experi-
the one found in piezoelectrigl11]-oriented InGa_,As  mental results, polarization-induced field discontinuity sig-
guantum wells, where the initially predicted reduction in thenificantly lower(down to 50% than the values deduced from

piezoelectric constants is still under discussidf’ the theoretical spontaneous and piezoelectric polarizations
have been obtained for Aba_,N layers with Al contents
V. CONCLUSIONS of 11% and 22%.

We have shown how the device structure determines the
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