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Ga-face AlGaN/GaN heterostructures with different sheet carrier concentrations have been studied
by photoluminescence and Raman spectroscopy. Compared to bulk GaN, an energy shift of the
excitonic emission lines towards higher energies was observed, indicating the presence of residual
compressive strain in the GaN layer. This strain was confirmed by the shift &.tfaman line,

from which biaxial compressive stresses ranging between 0.34 and 1.7 GPa were deduced. The
spontaneous and piezoelectric polarizations for each layer of the heterostructures have been also
calculated. The analysis of these quantities clarified the influence of the residual stress on the sheet
electron concentrationn(). Possible causes for the discrepancies between the calculated and
experimentally determined sheet carrier densities are briefly discusseB00® American Institute

of Physics. [DOI: 10.1063/1.1408268

I. INTRODUCTION ments on undoped and doped Ga face AlGaN/GaN transistor
structures with sheet carrier concentrations ranging from 0.9

Group I nitrides materials offer great promise for high to 1.32<10**cm™? are reported. The role of residual com-

power, high frequency device applications, in particular forpressive strain detected by both types of experiments in the

heterojunction field-effect transistor@ETS. Il nitrides  GaN layer of the heterostructurédSs on the sheet carrier

have several advantages over other material systems cwencentration in the two-dimensional electron gas was

rently used for HFETS, such as a higher breakdown voltageanalyzed.

a better linearity, a lower phase noise, and higher thermal

conductivity, all of which will allow a higher power-handling ||, EXPERIMENTAL DETAILS

capability?> Although the AlGaAs/GaAs system offers

higher two-dimensional electron gas drift mobilities for

small electric fields, the electron saturation velocity in the

AlGaN/GaN system is higher than in other 111-V materials,

allowing simultaneously high-frequency operation and high

4
output power levelS: 100 mbar, using triethylgalliuniTEG), trimethylaluminium

In ical modulation- FET str re the result- . .
. a typ cal odulatio dOPEd St UCFU e the e_sut (TMA), and ammonia as precursors. A third HS, sample C,
ing band bending creates a triangular-well-like potential at : .
. was grown by plasma induced molecular beam epitaxy. A
the heterointerface, where the electrons accumulate formi

n : -
a two-dimensional electron gg@2DEG). Since the lattice fhore detailed description of the MOCVD and PIMBE sys-

. tems, as well as growth conditions can be found in Refs. 5
0,

constant of QaN IS _Iarger t_han that of AN by about 2'5/°’and 7. In general, the samples have the following structure
Alg :Ga, 7N films with a thickness of up to 40 nm can be

d hicall N f GaN buffer | | starting from the substrate: an initial AIN nucleation layer
grown pseudomorpnically on top of L>al buller fayers. In,qq g 14 optain Ga-face materfalpllowed by a GaN buffer

addition to the spontaneous polarization, which is diﬁeremiayer and a strained AlGaN barrier layer. The PIMBE struc-
for AlGaN and GaN, the heteroepitaxial strain produces an e is cappedya 2 nmundoped GaN film, which turns out
additional macroscopic piezoelectric field contributing to theto be advantageous for HEMT devices based on AlGaN/GaN
conduction band profile of the FET structure. Nominally Un-Hss8 For sample A, the AlGaN barrier is composed of 30 A
doped AlGaN/GaN transistors even exhibit a high sheet Carﬂndoped A Gay 6N (spacer layerfollowed by a Si-doped
rier density in the GaN channel as a consequence of polaly Ga 7N Iayér of 120 A thickness, and finally, 50 A of
ization induced charges present at the heterointerfade. un(:j%pedﬁﬁg GayN. From high resolution x—ray, diffrac-
this work, photoluminescencéPL) and Raman measure- ijon (HRXRD) measurements it was deduced that the AlGaN
barriers grow pseudomorphically on the GaN layers, i.e., the
dElectronic mail: gmc@uv.es lattice constants were identical within experimental accuracy.

The AlGaN/GaN heterostructures analyzed here were
grown by metalorganic chemical vapor phase deposition
(MOCVD) and plasma-induced molecular beam epitaxy
(PIMBE) on c-plane sapphire ¢-Al,0O3) substrates. The
MOCVD samples, A and B, were deposited at a pressure of
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0.760 tant parameters of the different samples are summarized in
pseu(c:c;nat):rphlc : /] Table I.
0.755 1 AN ! ’,’ ’fr";"f)" Hall effect measurements have revealed sheet carrier
(20.5) %’?‘% / f:oncentratlons and Hall mobilities at room temperature rang-
K . ing from 0.9 to 1.3X10%m ?, and from 1050 to 1532
= 0.750 : ,"’(A'Ga_"t));;°°“ cm? V™ 1s 1, respectively(Table |). Higher mobilities have
= S X r=0 been measured at low temperatufgeg1.3K)~4500 cni/V
'_:, ' ) s], where the mobility is limited by scattering from impuri-
o 0.7457 N ties, defects, and/or interface roughness rather than
phonons’. The observed thermal dependence, i.e., a signifi-
0.740 - cant increase of the electron mobilities with constant sheet
electron concentration, is consistent with the spatial carrier
sample A confinement and the formation of a 2DEG.
0.735

For PL measurements, the samples were mounted in a
continuous He-flow cryostat operating at 4.3 K. For optical
excitation different ultraviolet lines of an Arion laser were
used. The luminescence was detected with a 0.8 m DILOR
triple spectrometer equipped with a cooled charge-coupled

0.545 0.550 0.555 0560 0.565 0570 0.575
q, [rlul]

0.760

pseudomorphic ) /
(r=0) @ ! relaxed device detector. Micro-Raman experiments were carried out
0.755 AlGaN ,,’ (r=1) at low tem_perature(4.3 K) in the same s_ystem using the
(20.5) ! K 514.5 nm line of the AF Iaser. The laser I|.ght_was focused
' / o onto the sample with a 20 microscope objective.
— 0.750 ! /. d(AIGaN) = 240 A
3 ' x=038
= ! r=0.063
o 0.745 : IIl. RESULTS AND DISCUSSION
Photoluminescence spectra taken at low temperature for
0.740 - three Ga-face AlGaN/GaN HSs with different sheet carrier
concentrations are shown in Fig. 2 on a logarithmic scale.
sample B . . . S
0.735 . : . . : The spectrum of a homoepitaxial GaN film is included as a
0545 0550 0.555 0.560 0.565 0.570 0.575 reference. All spectra were measured with excitation energies
a, [rlu] below the AlGaN barrier band gap. The identification of all
transitions was already made in a previous publication based
0.760 on characteristic thermal and excitation power
pseudomorphic I ’ dependencie$as well as on more recent high resolution PL
(r=0) ,/' relaxed studies'®!* The presence of free exciton lines in the
0.755 AlGaN ) r=1) MOCVD samples, A and B, together with the usual donor
(20.5) K bound exciton transition confirms the high structural quality
— 07504 it I,'d(MGaN) =200 & of t_hese samples. In contrast, th_e MBE sarr(p]bonly ex-
3 ) x = 0.34 hibits the donor bound exciton line at 3.496 eV with a full
= : r=0 width at half maximum(FWHM) of 11 meV, suggesting
o' 0.745- \ lower heterojunction quality. The structural quality of the
heterojunction plays an important role in the achieved carrier
mobility, as can be seen from the Hall results shown in Table
0.740 I. Finally, it is important to mention the collective shift of the
Sample C optical transitions in all HSs towards higher energies in com-
0.735 e parison to the reference sample. This behavior is attributed to
0545 0550 0.555 0.560 0.565 0.570 0.575 residual compressive strain in the GaN layer caused by lat-
q, [rlu] tice mismatch and differences in the thermal expansion co-
efficients between film and substrate.
FIG. 1. Reciprocal space maps @0.5 reflections of AlIGaN/GaN hetero- The abovementioned residual compressive strain in the

structures measured by HRXRD. The dashed lines show the position of th .
x-ray diffraction reflections for the relaxed and pseudomorphic grown&aN buffer Iayer has been confirmed by means of Raman

AlGaN films. measurements of tHe, phonon mode, which is known to be
shifted by stress only (Fig. 3). Using the relationship re-
ported by Demangeoet al!® for the dependence of the

The aluminum compositiors, and the degree of relaxation, E2-phonon frequency on biaxial compressive stress in GaN

r, were calculated from the lattice constaatsind c deter-  layers:

mined by means of reciprocal space maps of (@&5 re-

flection of AlGaN/GaN heterostructurésee Fig. 1.° Impor- Aw=C- 0y, (2)
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TABLE |. Summary of relevant parameters of the Ga-face AlGaN/GaN heterostructures investigated in this
work. In sample A the AlGaN barrier consists of 30 A of undopeg #6a, N followed by Si-doped
Alg3Gay e N ([Si]=1%x 10" cm™3) of 120 A thickness, and 50 A of undopedyAliGay sN. us andng are the

sheet carrier mobility and density, respectively.

GaN cap layer  AlGaN barrier ~ GaN buffer Hall data at 300 K
d X d d Ms Ng
Sample  Growth method A) A um (cm/Vs) (103 cm?)
A MOCVD 0.33 200 2 1100 1.32
B MOCVD 0.38 240 3 1532 1.05
C MBE 25 0.34 200 2 1050 0.90

where C=—(2.9+0.3) cm !GPa !, we obtain residual ture. Associated with this spatial gradient of polarization
compressive stresses ranging from 0.34 to 1.7 GPa. The irthere is an induced fixed atomic charge density givemppy
trinsic value ofwg,(pign)=568 cm ! was taken from the ref- = —VP. If the GaN layer additionally is under compressive

erence homoepitaxial GaN film. We have neglected any posstrain, it could be expected by elementary vector analysis
sible additional hydrostatic stress components induced bihat its piezoelectric polarizatiofFig. 4), given by®>®

point defects. The linewidth of the Gal, mode line of the _ _

AlGaN layer is associated with compositional disortfer. pe=26x(@a1~€3:C1s/Cay @
Since the penetration depth of the 514.5 nm argon line use@ould increase the sheet electron concentration at the inter-
for Raman scattering is larger than that of the 333.6 nm lineface, since 31— e33C13/C33) <0. In the former expression,
we will just use the PL results to examine the region close t®13 andesz are the piezoelectric coefficients,y the in-plane

the heterointerface. Applying the expression reported byomponent of the strain tensor, a@d; and C33 are compo-
Rieger et al® for the bound exciton energy shift of GaN nents of the compliance tensor. Consequently, the most

films grown on AIN nucleation layers; strongly compressed GaN layer should apparently present
the highest induced electric field, as well as the highest sheet
AEpx=B- 0y, 2

charge density at the interface. However, we have just ob-
where B=(27+4) meV GPal, biaxial compressive tained the opposite result: the least strained GaN layer,
stresses between 0.10 and 0.79 GPa are obtained. As refeemple A, has the highest sheet carrier Hall concentration,
ence we have taken the donor bound exciton transition of thes=1.32<10** cm™2. One can argue that the Si-doped
homoepitaxial GaN film centered at 3.4747 eV. The differ-Alg 3dGa 7N film present in the AlGaN barrier of sample A
ence between the Raman and PL strain results is a consicreases the electron density in the GaN layer compared to
quence of strain relaxation with increasing layer thickness. the other two samples by transfer doping. However, this only
With the purpose of analyzing the effects of this com-explains our results partially; as was already demonstrated in
pressive strain of the GaN buffer layers on the 2DEG cona previous stud§,the formation of 2DEGs in undoped as
centration, Fig. 4 shows a schematic diagram of the piezowell as doped AlGaN/GaN structures is almost completely
electric and spontaneous polarization vectors for a Ga-facdominated by piezoelectric and spontaneous polarization in-
AlGaN layer grown pseudomorphically on top of a GaN duced effects.
layer in the(0001) orientation with the wurtzite crystal struc- Therefore, for a more thorough discussion of our Hall
results, the sheet carrier concentration values taking into ac-

O
[ A, = 333.6 nm (D, X,) -
T=43K = . :
= | £ (LO-replica) (A% X Ao = 514.5 M E,(GaN): 568 .
= o A E T=43K (relaxed layer) :
g [ (D X2 X, € |z(y,-)z can
4 3 E, *(AlGaN): 577.8
S F GaN reference 2 (tensile strained layer)
- y 8 N ref :
2F n =1.32x 10" em™ W'm - GaN reference
] I =
5t 2
S le A Sample A
E amete LO-X, 13 2 g :
da F 1.05x 10" cm” £
o &
F SampleB £ Sample B
©
. 0.90 x 10" cm™* o«
Sample C
L Sample C
'l 1 'l 1 L L 1 1 L
334 336 338 340 342 344 346 348 350 3.52 . 1 N 1 . 1 N N . N
hv (eV) 530 540 550 560 570 580 590 600

FIG. 2. Photoluminescence spectra taken at 4.3 K for Ga-face SHs with
different sheet carrier concentrations. Samples A, B have been grown bFIG. 3. Micro-Raman spectra taken at low temperature. The assignment of

MOCVD, and C is an MBE sample.

Stokes Shift (cm™)

the phonon modes is indicated in each spectrum.

Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



4738 J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Martinez-Criado et al.

il Ngdgon€? d
_ dYdop dop
+ izDEG AE(X)=Eg(X)+edp(X)— 0e(X) ( sot 5 )
0001 +
i L o Vi 5
<:I Pre — .| | Pre < €e(x) | e s
1
Ga-face +| and consequently, the maximum value ref can be calcu-
+] lated. In Eq.(5) Ny is the doping concentration in the Si-
>ig doped AlGaN layerds,, dgop, anddagan are the thick-
undoped Alps0Gao7oN i undoped GaN layer nesses of the spacer layer, the Si-doped layer, and the total
(tensile strain) (compressive strain) AlGaN barrier, respectively. In additioeg,, is the Schottky

FIG. 4. Direct tth . 4 biezoslectric polarizations f thbarrier height of the gate contact on top of the AlGaN layer,

. 4. Directons o € spontaneous and piezoelectric polarizations tor . .

Ga-face strained AlIGaN/GaN HS with a residual compressive strain preseneé Ec the Cond_ucuon band_ offset at the heteromter.face’ and

in the GaN layer. Er the Fermi level relative to the GaN conduction-band
edge:

wh2ng(X)

count the experimentally determined compressive strain will  Eg(X)=Eq(x)+ N (6)
be determined. The normat{,) and in-plane £,,) compo- m
nents of the strain tensor have been calculated using t

L . rWhere we have assumed the ground energy level of a semi-
model of a biaxially strained layefof,= oy, =0,,=0; 0 9 9y

— )16 infinite asymmetric triangular well, expressed by:
~Oyy)-
72 \ " 3m2ny(x)| 28
o= 6y Cas | o EO(X)ZZ(gm*) ( ZEOEEX) )
(Cyyt+Cyp)C33—2C73
and The piezoelectrically induced polarization charge density at
the interfaceos is given by
_ Cis

827~ —2E_ Exx (4) o=[Psd AlGaN) + P54 AlGaN) ] - [ Ps{ GaN)

Since the AlGaN barriers were grown pseudomorphically on +Ppe(GaN ], ®

top of GaN, their lattice constants are identical at the hetero- . o .
interface, i.e.a(AlGaN) = a(GaN). Therefore, the AlGaN wherePgpis the spontaneous polarization. To determine the

lattice constant was determined through the relatgjgay l:iagd Eoﬁset,E v(\;e uie tk;]e appr.OX|mat|n|EOn(:jAEc(x.) d
=ay(1— &4 =agan, Wherea, is the unstrained GaN lattice MEgy(X) —E4(0)], where the experimentally determine

constant and,, is the strain in the GaN buffer. The compo- ba_qg gap of AlGa, N alloy at room temperature is given
nents of the strain tensor for the AlGaN layer were calculateé)y'

using elastic constants determined from linear interpolations E (x)=6.1%+3.421—%)— 1.001—x)x(e 9
between GaN and AIN binary endd.he obtained values for o(X)=6. A2 -1 Jx(eV). ©
Oxx: €xx, ande,, are listed in Table Il for the set of samples  For sample B, where both the AlGaN barrier and the

used in this work. GaN layers are nominally undoped, E§) is reduced tc:
Counting the energy from the bottom of the conduction

band at the interface for an A&ba, _,N/GaN HS, where the dacan€ [+ o

AlGaN barrier is composed by 30 A of undoped AEc(X)=Eg(X)+edp(X)— Te0e(X) ?_”s(x))- (10

Al 3Ga N spacer followed by a Si-doped AGa N

layer (Si]=1x10" cm 3) of 120 A thickness, and 50 A Finally, in the case of the same nominally undoped struc-

of undoped A} ;Gay A\ layer (sample A, one obtains the ture but with a GaN cap layer on top of it, as it is the case for

implicit equation inng: sample C, Eq(5) can be rewritten as:

TABLE Il. Calculated stress, in-plane component of the strain tensor, spontaneous and piezoelectric polarizations, induced polarizatiensityayedd
sheet carrier concentration of the different SHs.

GaN GaN GaN GaN AlGaN AlGaN AlGaN a b
Epx O yx € PpEd Pg € PoE Pps

XX XX o nS nS
Sample (eV) (GPa (%) (107 Clen?) (1078 cS/cmZ) (%) (10 ®cC/en?) (10 Clen?) (10 © C/em2) (108 cm™?) (10 cm™?)

A 3.4774 —-0.10 —0.022 0.300 -2.9 0.781 —1.2245 —4.616 2971 2.232 2.235
B 3.4937 —-0.70 —0.156 2.107 -29 0.678 —1.2309 —4.876 3.418 2.005 2.031
C 3.4960 —0.79 —0.176 2.377 -2.9 0.650 —1.0239 —4.668 3.030 1.688 1.712

#Strained GaN buffer layer.
PRelaxed GaN buffer layer.
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TABLE IIl. Linear interpolations between GaN and AIN binary properties ¢, (AlGaN) (%)
(T=300 K) (Ref. 9. 05 06 07 08 0.9 1.0
22— 77—
GaN AIN AlLGa _,N ' PSEUDOMORPHICALLY
T : GROWN AIGaN/GaN SH
a, (A) 3.189 3.112 3.1890.07% S o4 [Pec(GaN) = -1.353x 10° ¢ _(GaN)
C,; (GP3 367 396 367+ 29 x o ‘
Cy, (GP3 135 137 135 2x LYY - U
C.; (GP3 103 108 103-5x ° . )
Ca: (GPa 405 373 405-32 A O or T tensile strained
e, (C/nP) —0.49 -0.6 —0.49-0.1% ¥ osl . GaN layer
€33 (C/n?) 0.73 1.46 0.73 0.7 o
€ 9.5 9.0 9.5-0.5% a2k '
ed, (eV)? 0.84 2.14 0.841.% -
16 | Poe (Al ,,Ga, ,N) = -1.547 x 10" ¢ (Al  Ga,,N)
aSchottky barrier height for HSs without GaN-cap layer. . , . . .
20 . . . . .
-0.3 -0.2 0.1 0.0 0.1 0.2 0.3
e, (GaN) (%)
d 62 +o FIG. 5. Piezoelectric polarization for both layeislGaN and GaN
. off AlGaN . 5. p y aN and GaN as a
AE(X) =Ep(X)+edy (X) = ———— X| ——ng(X) |, function of the in-plane strain.
€p€(X) e
(11)
whereed,," is the effective barrier height given by For a wider range of in-plane strain in the GaN buffer
daannee? layer, Fig. 6 shows the calculated sheet carrier concentration
ed(x)=ep®™+ AE(x)+ (120 for different alloy composition in the case of a B-type SH. As

€0€(0) the aluminum content increases in the barrier, the net effect
The thickness of the cap layerds;,y;, ande¢§aN represents of a residual compressive streps,,(GaN)<0] becomes
the Schottky barrier height of the gate contact on top of thisvident decreasing the 2DEG concentration at the heteroint-
GaN layer. The background dopant concentration in all layerface. On the contrary, for tensile strdin,,(GaN)>0]

ers, except for the Si-doped AlGaN layer in sample A, isthere will be a monotonous increasing with barrier composi-
assumed to be negligibly small in comparison to the polartion. In any case, Fig. 6 demonstrates the definitive influence
ization induced charge concentrations. All the calculated paef residual strain on the sheet carrier concentration. A closer
rameters are summarized in Table Il. We use the set of linednsight into Table Il shows that there are small but clear
interpolations between the physical properties of GaN and
AIN at room temperature reported in Ref(&e Table II).

The change of strain andlP§: due to thermal disagreement
between optical measuremeri®®=4 K) and the Hall mea-
surements to determing; (T=300 K), taking into account
the difference in thermal expansion coefficientshetween
AlGaN and GaN layers, could be estimated by means of the
expressiornt?

AlGaN/GaN SH
d =24 nm

AlGaN

-

x =0.90

. B

6.0 |-

_(aAIGaN_ agaN) AT

ASXX_ 1+ aAIGaNAT (13)

o
o
T

A change of in-plane strain of aboute,,=0.012% is ob-
tained for the A} ;fGa 7N layer, whereas this is compres-
sive strain in the GaN layer because it has a larger expansion
coefficient than AIN. However, this result would only lightly
change the net residual compressive strain present in the
GaN buffer layer.

The piezoelectric polarization in the GaN layer increases
with compressive stress. This simultaneously causes a reduc-
tion of the tensile stress in the pseudomorphically grown
AlGaN film, and consequently, a decrease of its piezoelectric
polarization as shown in Fig. 5. Since the slopes of the pi-
ezoelectric polarization curves as a function of the in-plane
strain are very similar for both material$52"(C/cn?) =
~1.353¢10°% &SN vs PROICRIN(Clen?) = —1.547

XX
X108 sf)'(‘”&a"”d\'], the net effect of the residual compres-

sive strain on the Ga-face HSs is a small reduction of the

x =0.70

b
(=]
T

w
(=)
T

x = 0.50

n_x 10" (cm'?)

20|
x =0.30

1.0 -

x =0.10

00 0.1 02 03

GaN

e (%)

polarization induced charge densities at the interface
(Table II).

FIG. 6. Sheet carrier concentration of the 2DEG confined by polarization
effects at an AIGaN/GaN interface as a function of the in-plane GaN strain.
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differences between the relaxed and compressive straineibstrate. Its values were determined by Raman measure-
GaN buffer layer casesg and ng. In spite of this result, the ments as well as PL energy shifts. From our study we clari-
residual compressive strain does not explain the differencefsed the role of this compressive stress on the sheet carrier
found between the sheet carrier concentration measured lmpncentration at the AlIGaN/GaN heterointerface. Finally, the
Hall effect and the calculated values listed in Table Il. Thesgossible causes of the discrepancies between the calculated
discrepancies can be caused by many other factors. For imnd experimentally determineds have been briefly dis-
stance, it has been shown experimentally that in modulationcussed.
doped n-type AlGaAs/GaAs single heterojunctions fewer
electrons are transferred than theoretically predicted, but noCKNOWLEDGMENTS
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