JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 1 1 JANUARY 2001

Monte Carlo studies of two dimensional transport in GaN [AIGaN
transistors: Comparison with transport in AlGaAs /GaAs channels
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In this communication we report results on Monte Carlo transport studies in GaN/AlGaN two
dimensional electron gas. In addition to steady state results we examine transit times in channels of
different lengths under various bias conditions. The results are compared to those calculated for the
GaAs/AlGaAs device. We find that at low electric fields, transit time in the GaN channel can be
considerably longer than the time in a GaAs channel. This is attributed to the overshoot effect in the
GaAs channel. However, at large electric field transport the transit times in GaN and GaAs channel
are found to be comparable. @001 American Institute of Physic§DOI: 10.1063/1.1324998

I. INTRODUCTION superior performance. In this communication we report on

. . _ . results that shed light on issues dealing with such compari-
Materials in the 1lI-V nitride family(InN, GaN, and . '9 ISsu ng with su par

AIN) have physical properties that are very attractive for

short wavelength light emissiérf' and for high power/high frequency behavior of AlGaN/GaN transistors have been
temperature electroniés® Alloys and heterostructures based reported.1°-1°Reference 11 has reportddvalues of~50

on these materials are therefore being studied with great i'sz for a 0.2um device. In GaAs technologf; values of

terest. Recent advances in epitaxial growth control and Pro-_54 GHz are shown for a 0,8m device It is also impor-

cessing have led to excellent transistor performance usingint to note that thd. value for GaAs devices has been
the AlGaN/GaN heterostructure. Heterostructure field eﬁe%bserved to degrade twith higher source—drain bias. For ex-
transistordHFETS have shown very good high power prop- ample, Ref. 7 showed that for a 04m GaAs metal—

erties. An important aspect of AlGaN/GaN structure is thatsemiconductor field effect transistoFETS the f, value is

due to spontaneous polarization and piezoelectric effect it iis 5 GHz at a low source—drain bias of 2 V. but decreases to
possible to have a high sheet charge without any doping. ABeIow 8 GHz when the drain bias is 10 V,. From the pub-

a result the band profile of the HFET in the barrier regiqn iSIished experimental results it is clear that at high source—

quite different from what is seen in other HFETSs. It is im- drain bias GaN based technoloay i .
. gy is comparable or superior
portant to compare an AlGaN/GaN HFET with an AlGaAs/ to GaAs technology. In this paper we carry out transport

GaAs HFET since it is well known that the AlGaAs/Gahs studies to shed light on the origins of these experimental

has exc_ellent h!gh freque_ncy per_formance. Wh||_e the n't_r'c_jeobservations. We carry out two dimensional ensemble Monte
system is certainly superior for high power applications it is

) . X ot . Carlo simulations for our transport studies.
important to examine carrier transit times in the two classes

It is important to note that several device results on high

of devices.
When we compare transport in a GaN and GaAs strucll- FORMALISM
ture several comparisons can be made: To understand the transport in AlGaAs/GaAs and

(i) the peak velocity in GaN is higher than in GaAs by jGan/GaN devices, we have developed a formalism based
abou} 20%; i L . on the following three componentsi) A charge control
(ii) the saturation velocity is higher in GaN; and ~  o4el: A self-consistent solution of Poisson equation and
(i) when one examines the steady state velocity—fields , qjinger equation is carried out. In the case of the nitride
relation for the GaN system one observes that the velocityysiem we include the effects of the polarization charges at
does not reach its peak value 22.5x 107_ cm/s until afield 1o AIGaN/GaN interface as discussed in Ref. (i3 A scat-
of ~1.5x10° V/icm. On the ot7her hand in the GaAs systéM gring theory: We include two dimensional scattering rates
the velocity peaks at-2.0x 10" cm/s at only~4 kv/cm; for carriers in the two dimensional electron gas chanfie
_(iv) the GaAs system shows strong overshoot effect ajy; the high fields we are interested in the dominant scatter-
high fields (or in short channel length devigesn the GaN g que to the optical phononéii) Monte Carlo method for

case there is no overshoot effect since the scattering rates a8 snort: Both steady state and transient Monte Carlo simu-

very high. lation have been performed to examine transport properties.
These comparisons suggest that there may be regimes of oper the AlGaN/GaN system, the ten lowest subbands id'the
eration where GaAs based devices are supéiimoterms of  are included together with the—M andI', band structures.
transit time$ and regimes where the nitride system showsMaterial parameters are given in Refs. 15 and 20. The

0021-8979/2001/89(1)/386/4/$18.00 386 © 2001 American Institute of Physics



J. Appl. Phys., Vol. 89, No. 1, 1 January 2001 Y. Zhang and J. Singh 387

1 T " T T 25 . : . ;
ok T=300, L=0.5um, V, =6.0V, GaN Wt erin
0.8 . . 'r,-*' o,
2t v e
o7t 4 S 3\/““.‘“.«. . - "
c —_ ‘ AAAA 3aFON o
- A >
9 06} 1 Q ; ‘A‘-‘ oy AAA N
a £ v LI L e Y. sy
= 0.5+ g ,\0 4 o K "l_:u" " o= % o LA
Q (=] 15 i :‘AAA an® ot & ‘A’
s « n “ *
£ 041 = ? L . 1y o 4%,
; * m . %,
03f = ;A .fl‘AA o 0pgc®™ o ow%o%ww% e ‘A; .
P A R +.
] ey P o % P
o2} 1 DA A K . LR v%
L-M Valle: S P g
0.1} 5 e O Y p o wq,d %
. : . o, &5,
T B W S g
............................... r2
0 o .
0 0.1 0.2 0.3 0.4 0.5 05 , ) . ‘
Distance (um) ~o 0.1 0.2 0.3 0.4 05
Distance (um)
(a) AlGaN/GaN
(a) AlGaN/GaN
1 T . T .
09r 4 5 T T
T=300, L=0.5um, V, =2 V, GaAs
08 1 45 -
071 ] 4t -
Lvalley o™ S
S 06} e : O
= / - ] A
2% / ‘ E b T
[e] zf '\0 8 _;i' JA
n_04 ¢ Py »: . N ozf‘z"ﬂn""’u .
{ - - : » ao® 2
0.3} / = 251 W, ettt “a,,
/ X-Valiey >, Bo, es® v b N
0.2r !f °°u a o
0.1 2 15 c‘,“i’o\woo *‘“ P00 0.
800008 ouba::oc?,o
3 . Ve
o L i ot PN A,
% 0.1 0.2 0.3 0.4 0.5 1 et g e
Distance (um)

0.1 0.2 0.3

(b) AlGaAs/GaAs Distance (um)

FIG. 1. Occupation of electrons in various subbands in thesn5(a) GaN
and (b) GaAs two-dimensional channels.

(b) AlGaAs/GaAs

FIG. 2. Drift velocity of electrons as a function of channel distance from
transistor source for a 0.am device.
valley electrons are treated as two dimensional and the scat-
tering rates are evaluated numerically. For the upper valleys
(L-M, T';) we treat the scattering as three dimensionalyic field profile, which realistically represents fields encoun-
scattering events. tered in FET channels. We know that in FETs the field is
In the case of the steady state simulation, one-electropery small at the source, then grows and becomes large near
motion is traced for a long period of time to obtain the steadythe drain side of the gate. In our simulations we assume that
state transport properties including the drift velocity andthe electric field in the FET channel of lendthises linearly
population of each subband and each valley. For the case @fith distance between the source andLO.6t is constant
transient transport, an ensemble Monte Carlo scheme is usgsktween 0.6 and 0.2. Then it falls to zero at the drain.
As many as 20 000 electrons are simulated at the same timg¢hys the field peaks on the drain side of the gate. In the
The initial distribution of electrons is assumed to be Max-model we assumed that the peak field is 1.65 times the av-
wellian in each subband based on the equilibrium state poplerage field in the channel. We have used other qualitatively

lation obtained in the charge control model. similar field profiles and obtained similar results.
The three dimensional scattering in the-M and T,

valleys are the same as those reported by Fawtéthe

transitions from the subbands of tlevalley to the higher || rResuLTs
valleys or vice versa are calculated using the approach by
Yokoyama and Hes?. In Fig. 1 we show the occupation of electrons in various

In order to shed light on the comparison of transit timesubbands in the 0.am GaN[Fig. 1(a)] and GaAdFig. 1(b)]
effects in the GaN and GaAs channels we must use an eletwo-dimensional channels. We find that in the nitride case
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FIG. 3. Transit time across a 0/m channel in GaN and GaAs devices.  FIG. 4. Transit time across a 04m channel in GaN and GaAs devices.

the electrons remain in the first subband even at a high draitfansit times obtained are within 10% of the results given
bias of 6 V. This reflects the large scattering rates encounabove.

tered by electrons in GaN. This prevents the carriers from

gaining high energies from the field. Also as noted above thév. CONCLUSIONS

second subband is quite removed in energy. In the GaAs

channel we see that even at smaller drain bias values of 2.0 In summary, in this paper we have examined two dimen-
. sional transport in AlIGaN/GaN and AlGaAs/GaAs FETs. An

V the electrons are in upper valleys. At a comparable voltage oo
i . .~ ensemble Monte Carlo approach has been used in this study

value, in GaN all of the electrons are found to be in the first . - . .
subband and two dimensional scattering rates have been calculated in

In Fig. 2 we show the drift velocity of electrons as they the channel numerically. We find that for small bias condi-

o . . tions, GaAs based devices show a shorter transit time. For
go from the source to the drain in the two dimensional chan-

. example, when the peak electric field in a @& channel is
nels. In Fig. Za) we show results for the GaN channel. The o .
electrons are injected initially with thermal velocity. The 3.3x10" v/em, the transit time in the GaN and GaAs chan-

- . .~ nels is 4.5 and 2.0 ps, respectively. However, when the field
electrons initially slow down as a result of entering a region. . o .

. . . . s increased the GaN channel has a shorter transit time. This
of low field and high scattering rate. However, as the field

. ) o difference can be traced to the velocity field relations in the
increases the carrier velocity increases. The electrons essen- . - . . )

. S . two materials. It is interesting to note that in spite of the

tially remain in steady state showing no overshoot effect . . . .

i . . ) velocity overshoot effects in GaAs, at high bias values GaN

even at high applied bias values. In contrast, in the GaAs ; .

; shows superior results. Our studies show that for low power

channel the carriers show strong overshoot effects as can be

seen in Fig. &). However, as can be seen from this figureappllcatlons, GaAs based devices should have superior high

ey . frequency performance. However, at large bias values we
once the initial overshoot effect is over, the electrons spend gan expect AlGaN/GaN HEETs to have superior perfor-
considerable distance in the device traveling at the saturation P ) . : _sup P

) mance. As noted in the introduction, experimental studies on
velocity of 10 cm/s.

In Fig. 3 we show the results for transit time across a 0.5GaAS and GaN based devices do show this trend.

um channel in the nitride and GaAs case. We see that when
the applied bias is small, the GaAs channel shows a transh CKNOWLEDGMENTS

time that is much smaller than that in the GaN channel.  This work has been supported by Grant Nos. F001681
However, as the bias increases, the transit time in GaN dexnd F000629 from the U.S. Office of Naval Research. A
creases since the velocity in the channel rapidly increasegiscussion with Professor Umesh Mishra is gratefully ac-
with field. On the other hand in GaAs the transit time ini- knowledged.
tially decreases and then increases. The increase is because at
very high fields, once the initial overshoot effect is finished, 15 Nakamura, M. Senoh, N. Iwasa, S. Nagahama, T. Yamada, and T.
electrons in GaAs travel at a rather low saturation velocity. Mukai, Jpn. J. Appl. Phys., Part 24, L1332 (1995; S. Nakamura, M.

In Fig. 4 we show transit time results in Ogm chan- Senoh, S. Nagahama, N. lwasa, T. Yamada, T. Matsushita, Y. Sugimoto,

nels. The overall time decreases when we compare the re;2"d H. Kiyoku, Appl. Phys. Let69, 3034(1996.

. . . G. E. Bulman, K. Doverspike, S. T. Sheppard, T. W. Weeks, H. S. Kong,
Sl.J|tS with those of Fig. 3. Once again we see that_ at low H. M. Dieringer, J. A. Edmond, J. D. Brown, J. T. Swindell, and J. F.
bias values the GaAs channel has shorter transit times. AtsSchetzena, Electron. Le83, 1556(1997.
high bias values the GaN channel shows superior perfor.al\/l. P. Mack, A. Abare, M. Aizcorbe, P. Kozodoy, S. Keller, U. K. Mishra,
mance. Thus once again, in spite of overshoot effects, at highL' Coldren, and S. DenBaars, MRS Internet J. Nitride Semicond. Res.

) ‘ o o ' 41 (1997.
bias values the superior velocity in GaN ensures faster trans«a kyramata, K. Domen. R. Soejima, K. Horino, S. Kubota, and T. Tana-

port. Other qualitative field profiles are also used and the hashi, Jpn. J. Appl. Phys., Part38, L1130(1997).



J. Appl. Phys., Vol. 89, No. 1, 1 January 2001 Y. Zhang and J. Singh 389

50. Aktas, Z. F. Fan, A. Botchkarev, S. N. Mohammad, M. Roth, T. Jen-*2M. A. Khan, Q. Chen, M. S. Shur, B. T. Dermott, J. A. Higgins, J. Burm,

kins, L. Kehias, and H. Morkoc, |IEEE Electron Device Let8, 293 W. Schaff, and L. F. Eastman, Electron. Led2, 357 (1996.
(1997. M. A. Khan, Q. Chen, J. W. Yang, M. S. Shur, B. T. Dermott, and J. A.
5M. S. Shur and M. A. Kahn, MRS BulR2, 44 (1997. Higgins, IEEE Electron Device Letll7, 325(1996.
"W. F. Wu, S. Keller, P. Kozodoy, B. P. Keller, P. Parikh, D. Kapolnek, S. *S. Nakajima, M. Yanagisawa, and E. Tsumura, IEEE Trans. Electron De-
P. DenBaars, and U. K. Mishra, IEEE Electron Device L&®, 290 vices 46, 38 (1999.
(1997. 15y, Zhang and J. Singh, J. Appl. Ph\&5, 587 (1999.
8U. K. Mishra, Y. F. Wu, B. P. Keller, S. Keller, and S. P. DenBaars, IEEE °S. Mori and T. Ando, Phys. Rev. B9, 6433(1979.
Trans. Microwave Theory TecHd6, 756 (1998. E. Yamaguchi, J. Appl. Phy&6, 1722(1984.
9R. Dimitrov, L. Wittmer, H. P. Felsl, A. Mitchell, O. Ambacher, and M. 8J. Lee, H. N. Spector, and V. K. Arora, J. Appl. Ph§d, 6995 (1983.
Stutzmann, Phys. Status Solidi %68 R7 (1998. 19p_ J. Price, Ann. PhygN.Y.) 133 217(1981); F. A. Riddoch and B. K.
10C.-H. Chen, K. Krishnamurthy, S. Keller, G. Parish, M. Rodwell, U. K.  Ridley, J. Phys. C16, 6971(1983.
Mishra, and Y.-F. Wu, Electron. Let85, 933(1999. 20K, Yokoyama and K. Hess, Phys. Rev38, 5595(1986; K. Hess, Appl.

Y -F. Wu, B. P. Keller, S. Keller, N. X. Nguyen, M. Le, C. Nguyen, T.J.  Phys. Lett.35, 484(1979.
Jenkins, L. T. Kehias, S. P. Denbaars, and U. K. Mishra, IEEE Electror?*W. Fawcett, A. D. Boardman, and S. Swain, J. Phys. Chem. S8lids

Device Lett.18, 438(1997). 1963(1970.



