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Using cyclotron resonance, we measure the effective mads, of electrons in AIGaN/GaN
heterostructures with densities,p~ 1 to 6x 102 cm 2. From our extensive data, we extrapolate

a band edge mass of (0.2068.002)m,. By comparing oum* data with the results of a multiband

k-p calculation, we infer that the effect of remote bands is essential in explaining the observed
conduction-band nonparabolicifNP). Our calculation of polaron mass corrections—including
finite width and two-dimensiond&RD) screening—suggests those to be negligible. It implies that the
behavior ofm* (n,p) can be understood solely in terms of NP. Finally, using our NP and polaron
corrections, we are able to reduce the large scatter in the published band edge mass vafi3 ©
American Institute of Physics[DOI: 10.1063/1.1630369

The magnitude of the nonparabolicitNP) of the con- X102 cm 2. In these two-dimensionglD) systems, this
duction band of wurtzite GaN currently remains controver-implies energies from~27 meV to~120 meV above the
sial. NP of a band can be probed by measuring the effectiveand edge due to electron confinement and band filling.
massm* as a function of energy. Such experiments haveTherefore, our mass data probe the NP of the GaN conduc-
been performed in the past in both bulk and in two-tion band in small steps over a wide energy range. We also
dimensional electron system{@DES. The deduced band perform extensivek-p calculations and determine that in-
edge mass values); , however, exhibit considerable scatter. stead of the commonly used two-band model a multiband
Using cyclotron resonancéCR), Drechsleret al' deter-  model is required to explain our experimental results. Addi-
minedmg in bulk wurtzite GaN to be 0.28,, wherem, is  tionally, our calculations on polaron correction of the effec-
the free electron mass. Other methods, such as infrared réive mass of 2D electrons in GaN show them to be at the 1%
flectivity on electron plasnfaand spectroscopy on shallow level, considerably less than previously thouYhtdetailed
donors™ in bulk GaN have vyielded 0.22.<m§  comparison between our data akep calculation sets the
<0.236m,. An even wider range of values for the band edgepand mass value to =(0.208+0.002)m, and, when ap-
mass, 0.18%,<mj <0.231m,, emerge from experiments in plied to the results of other investigators, considerably re-
AlGaN/GaN heterostructures. From the temperature depertuces the spread in band edge mass values.
dence of Shubnikov-de HadSdH) oscillations of 2DES, A Fourier transform spectrometer with light pipe optics
Lin et al® deducedn =0.22m, while Hanget al.’ reported  and a composite Si bolometer was used for the detection of
mg =0.185n,. CR experiments on heterostructures have refar-infrared transmission. A magnetic field was applied nor-
vealed 0.2281.<mj <0.231m,.%° This spread iMmj sug- mal to the 2D electron layer. The carrier density of each
gests that the “extrapolation” from the various experimentsample was determined situ from the SdH oscillations of
valuesm* (E) to the band edge remains poorly controlled. the 2DES. All CR and SdH experiments were conducted at

Using CR, we have measured* in a series of high 42 k.
mobility (x~20000 cm/V's) AlGaN/GaN structures. Our Figure 1 shows the CR energies versus magnetic i&ld,
heterostructures are all grown by molecular-beam epitaxyf 5 sample withn,p=2.3x 10*2 cm 2. All data are taken
(MBE) on GaN templates prepared by hydride vapor phasgiith a resolution of 0.24 meV. The inset of Fig. 1 shows
epitaxy (H(\)/EE)- The specimens are described in detailyigh field spectra normalized to the spectrum takerBat
elsewhere?™ Our data cover a density range from 110 6 _o T, The solid line in Fig. 1 is a fit to the data at high
fields,B>27 T, and low fieldsB<12 T, resulting in an ef-
dElectronic mail: sheyum@phys.columbia.edu fective mass om* =0.228n,. For 15 T<B<25T, there is
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S — — ~8% lower than previously published CR d&taSince our

2 510 data contain a small error bar and extend to very oy,

=16z, such a simple extrapolation should already be quite reliable.

g 5 Other groups have previously addressed NP in GaN. For

2 12° =08 26T 28T 30T 8,9 . .

& I example, Knapet al”>” explored NP using CR in AlGaN/

§ sl .‘: GaN systems with different, (see Fig. 2 and accounted

s for the magnitude of NP using a simple two-band approxi-

% 4l mation. In such an approximation, which includes only cou-

14 pling between the lowest conduction and highest valence
0 bands, the effective mass varies as

0 5 10 15 20 25 30 35
Magnetic Field (T) m*(E)=m(’)‘(l+2KE/Eg), 1)

FIG. 1. Resonance energies vs magnetic fi@ldof a sample withn,p .

=2.3x10" cm™2 taken with a resolution of 0.24 meV. HighBE27T)  With K=1 andEg=3.5eV. In a 2DES, the energi=Ey

and low-B<12T) field resonances can be fit with a single straight line, +- E, above the band minimum is composed of the average

giving an effective mass of 0.288 . Near 18 T, a level anticrossing results Kinetic eneravE. of the electrons in the confinin otential

in a splitting of the CR. Inset: Transmission data Bx-26, 28, and 30 T, Il d gx, ﬁkz /m* 13 th i gp f th

normalized to the spectrum Bt=0 T. well and Eg= mNyp/Mmg , = the Fermi energy of the

2DES. The value oE, is dependent on the form of the wave

a pronounced deviation from this straight line. This anomalyfunction of the confined electrons. In a simple triangular po-

in the CR is being analyzed and published elsewfHere, ~tential approximation, the average kinetic energy Hg

we observe that this anomaly is limited to a finite field region =~ Ec/3. With E being the confinement energy of the lowest

outside which all CR data can be fit by a straight line. subband measured from the bottom of the conduction band.
We have measured the effective mass in 11 samples with/Sing the more accurate fang—Hovvsard vangngnal wave

carrier densityn,p, ranging from 1 to & 102 cm 2. Inall  function g'VeSEzkiﬁ b*/8mg , whereb®=48mmg e*(Ngep

cases, we observed either a broadening or a splitting of thé 11/3212p)/€/1%.7"In our samples, since both the MBE and

CR line at intermediate fields but could fit the data away!® HVPE GaN are type, the depletion layer densifigey,

from this regime as well as the data seen in Fig. 1. Figure £an be setto zero. We*use this two-band model with only one
shows the dependence o on n,p. For comparison, we adjustable |_3ara_met_em0 , to fit the hlgh-den_sny datq of Ref.
also plot data from Refs. 8, 9, and 12. The mass data frorq (dashed line in Fig. 2 E, was computed in the triangular
the different references are located in the general vicinity ofPProximation following the authors of Ref. 9. Clearly, al-
our results but, due to their considerable error bar or sparsitfeugh this pr*ocedure can describe the original density de-
are difficult to extrapolate to zero density, i.e., to thePendence om® of Ref. 9 due to the rather large error bars,
conduction-band minimum. The combined data of Fig. 2it fails to account for our own data. Neither a simple vertical
show an increase im* by ~17% asn, changes from 1 to shift of the line(a differentmg) nor the usage of the Fang—
9% 10 cm™2. The rise inm* with n,p reflects the NP of Howard wave function can resolve this discrepancy. What is

the conduction band of the GaN host. Simply extrapolating®duired, is a much stronger dependencendfon nap
our closely spaced data linearly to vanishimg,, we arrive Empirically, we pursue an approach taken by Singleton
at a band edge mass off =0.214n,. This value is about ©! al,™ who used amodifiedtwo-band model to describe

their NP data in GaAs. The authors considekedh Eq. (1)
0.26 to be a second fitting parameter. The inclusion of a variable
E - K>1 into the analytic expression incorporates the influence
of higher conduction bands, simulating the results of a more
elaborate, multiband-p calculation'® Working with the

0.25

Density (10%cm™) Fang—Howard model to determiiig , we find a very good
. - 0 2 46 810 fit to our data forkK =2.5 andmg = (0.208+0.002)m, . Even

£ 0.23 ' 0.22 if we use the less reliable triangular approximation, the re-
: 0.22 E°0'21 I %‘% ______ 0.204m, quiredK=1.9. The effectiveness of the modified expression

~ 0.20 4 in fitting the density dependence wi* over a wide range of
0.21 E°8:1§ + n,p demonstrates that the conduction band of GaN is more

s 047 H. nonparabolic than was previously assurfiedl.

0.200 2 "4 é é 1'0 Before concluding that the proposed NP model appropri-

Density (10" cm™?) ately describes our CR data, we need to assure ourselves that
polaron effects are a negligible contributorrtd. This mass
(';'G-dz-t Eﬁec"‘;}e massn*'l_'é‘ A'GaN’G"E‘)NtSVfStem;Vf 25 g'eCtm;e”S'ﬁ;{ enhancement factor results from electron—longitudinal opti-
ur data are shown as solid squares. Data from Refs. 8, 9, an are sho Lo .

as open symbols. The dashed line is a two band fit to the results of Ref. \g%ll (LO) phonoq CO_UP“ng In polar semiconductors, such a;
according to Eq.(1) with K=1. The solid line represents a fit witk GaN. A determination of a polaron mass enhancement in
=2.5, which accounts for the influence of additional, higher conductionheterostructures requires inclusion of screening in 2D and
bands. Inset: Values of the band e.dge, mass from Refs. 1-9, 12, and th,tﬁe finite width of the electronic wave functi&ﬁsince both
work, after NP and polaron corrections. CR results are shown as open tri- il d int ti bet 2D . d LO
angles, donor spectroscopy data as open hexagons and SdH data as stgrrsea y S{g uce 'n eraction between carriers an
Our result ofm, = (0.208+ 0.002)m, is shown as a solid square. Averaging Phonons.” Following Ref. 18, we calculated the polaron ef-

all data(except SdHi yields mj =0.204m, illustrated by a dashed line. fective mass in AlGaN/GaN heterostructures using a Fang—
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0.26 T - 7 ~0.33-0.48 and\ |~ 120—-180 meV. This set of parameters
P*=27 V> . is close to a good set of values chosen by Kenfednd
024l ,iji ’ o2 lpsev | confirm that I?’_ls relatively large for GaN (P=26eV). _
e 4o | In conclusion, our CR experiments set the conduction
= i;zﬁ et band edge mass in GaN tajj = 0.208+ 0.002n, . Using our
0.22} 5&’ = | determination of the NP and reviewing the polaron correc-
_,__,.--—=“" Bayer et. al. tion, we reach much better agreement between several pub-
" 2.band model lished data fomy .
0.20 - ' ' -
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FIG. 3. Variation ofm* with energy according t&- p calculations, assum- the work was performed at the National High Magnetic Field
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k- p results of Bayerkt al. (see Ref. 2f) which neglect remote bands, both . ;
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squares can be explained by multibarkip calculations, that include the ~ Cial support from the W. M. Keck Foundation is gratefully
influence of remote bands. acknowledged.

Howard variational wave function, a static Thomas—FermilM Drechsler, D. M. Hofmann, B. K. Meyer, T. Detchprohm, H. Amano
screening model, and a Frohlich constant; 0.49." We find and |. Asasaki, Jpn. J. Appl. Phys., Par84, L1178 (1995.
a polaron enhancement of less than 1%1fet for n,p=9 2P, Perlin, E. Litwin-Staszewska, B. Suchanek, W. Knap, J. Camassel, T.
X102 cm~2. Since the effect decreases with decreasing Suski, R. Piotrzkowski, I. Grzegory, S. Porowski, E. Kaminska, and J. C.
density, corrections for lower-density specimens are smaller,Cervin. Appl. Phys. Lett6g, 1114(1996.

y. . y. P %W. J. Moore, J. A. Freitas, Jr., and R. J. Molnar, Phys. Re§6B12073
yet. This mass enhancement is considerably smaller than thegg7,
10% estimated previously far,p=3.1x 10> cm™2, where  “A. M. Witowski, K. Pakula, J. M. Baranowski, M. L. Sadowski, and P.
screening and finite width had been negle&éd1% mass Wyder, Appl. Phys. Lett75, 4154(1999.

f f f b 5B. K. Meyer, D. Vohm, A. Graber, H. C. Alt, T. Detchprohm, A. Amano,
enhancement, due to polaronic coupling, lies within the error and 1. Akasaki, Solid State Commugs, 597 (1995

bars of our CR data. ST.Y. Lin, H. M. Chen, M. S. Tsai, Y. . Chen, F. F. Fang, C. F. Lin, and G.
The large spread in the value of the band edge m#ss  C. Chi, Phys. Rev. B8, 13793(1998.
in literature is mostly due to two reasons: The underestima-'D- R. Hang, C.-T. Liang, C. F. Huang, Y. H. Chang, Y. F. Chen, H. X.

. - . . _ Jiang, and J. Y. Lin, Appl. Phys. Lefl9, 66 (2001.
tion of the NP and the overestimation of p0|aromc correc 8W. Knap, S. Contreas, H. Alause, C. Skierbiszewski, J. Camassel, M.

tions. Applying our NP and polaron corrections to the avail- pyakonov, J. Yang, M. Asif Khan, Q. Chen, J. Yang, M. L. Sadowski, S.
able effective mass datéRefs. 1-9 and 12 we reach a Huant, F. H. Yang, M. Goiran, J. Leotin, and M. S. Shur, Appl. Phys. Lett.
much more coherent picture for the band edge eﬁectivegc\?rslﬁ('l_'gi?- M. Bluet 3. C oy ML ASiF Khan, O

. . . . . Knap, A. Alause, J. M. Bluet, J. Camassel, J. Young, V. AsI an, Q.
mass,mg , in GaN, as shown in the inset to Fig. 2. We :

! ! 1 en, S. Huant, and M. Shur, Solid State Comn8).195 (1996.
observe that the majority of the values fof, are very close 195, syed, M. J. Manfra, Y. J. Wang, H. L. Stormer, and R. J. Molnar, Phys.
to an averagen; = 0.204m,. However, most of then* data ,, Rev. B67, 241304(2003. ‘
from SdH (displayed in stars in Fig.)2remain at variance g"y eJd '\l’l'anl_fregt’(\)‘r-n%\’i’,\e/'rgz:“bJ-\)’VI-_;:Sg',\Ll- g E‘Rﬁeé' Eb\\:vvég\r/]e;ty la
from the CR, mfrareq reﬂeCt'\”ty'_ and donor spectroscopy Sergent, J. Caissie, K. M. Molvar, L. J. Mahoney, and R. J. Molnar, J.
data, a fact that remains unexplained. Appl. Phys.92, 338(2002.

Since m* (E) cannot be accurately represented with a*?y. J Wan_g, R. Kaplan, H. K. Ng, K. Doverspike, D. K. Gaskill, T. Ikedo,
tworband model, a fve-bandp calcuation” in the f MM Ao, ) hon P S00TOeRe,

. . . - Y e F
Z|_ncblende approximation was performed_ to model our data. (m%)~* andEy as (%)~ and therefore enters* in higher order.
Figure 3 s_hows the results. T_he material parameters emsr ando, F. B. Fowler, and F. Stern, Rev. Mod. Phgs, 437 (1982.
ployed, using the Koster notation, are the spin—orbit split*°J. Singleton, R. J. Nicholas, D. C. Rogers, and C. T. B. Foxon, Surf. Sci.
ting, A,, of the I's conduction band and the momentum 16é9gf4f2f9(19%3\-/v Jawadzki, Phys. Reva. 1561(1990

- 2 . . A erer an . ZawadzKl, yS. Rev.aq, .
matrix _elements, Pand ) PZ' couplln_g therl conduction 17 According to S. Das Sarma, Phys. Rev2B 2590(1983; phase-space
banc_l with thel"5 valence and _conductlon bands. They a{g NOt restrictions due to the degeneracy of the 2DES can be ignoreld flay,
precisely known. The formalism proposed by Carksl. at least as high as 0.6, wheggis the phonon wave vector. In our AIGaN/
and used by Baye#t al?° in a five-band model to relate the ~ GaN system /qo=<0.6 for n,p=3.4x 10" cm™2 and still k /go~0.8
parameters was utilized to calculate® (E). However, as 18fsorlgur hsighest (Iiaehnsityl.qWeﬁ;h(.ezﬁégrel,gaslso ignore phase-space restriction.
seen in Fig. 3, the parame_ters chosen by Bwew'zo I,ead 1o\, Eé?:asgrsﬁa‘l‘. A.yFSr-eitae:.Jr.,’ M. A. (Khar:?,-D. T. Olson, and J. N. Kuznia,
to an NP even lower than in a two-level model. We find that ppys. Rev. B48, 17878(1993.
the experimental data points can only be matched if an extr&M. W. Bayerl, M. S. Brandt, T. Graf, O. Ambacher, J. A. Majewski, M.
parameterC, taking remote bands #=0 into account,  Suitzmann, D.J.As, and K. Lischka, Phys. Rev6® 165204(2000.

21 B
PP 21 _ . C. Hermann and C. Weisbuch, Phys. Revi® 823 (1977).
is included:” If one assumesC=-1.5 (compare with 22T A. Kennedy, E. R. Glaser, W. E. Carlos, P. P. Ruden, and S. Nakamura,

C=—2 for GaA3,’® P? is in the range 25-27 eV with? MRS Internet J. Nitride Semicond. Re$S1, G7.4(1999.

Downloaded 20 May 2012 to 128.210.126.199. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



