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Experimental analysis and theoretical model for anomalously high ideality
factors (n>2.0) in AIGaN/GaN p-n junction diodes
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Diode ideality factors much higher than the expected values of 1.0 to 2.0 have been reported in
GaN-based-n junctions. It is shown that moderately doped unipolar heterojunctions as well as
metal-semiconductor junctions, in particular the metal contagp-tgpe GaN, can increase the
ideality factor to values greater than 2.0. A relation is derived for the effective ideality factor by
taking into account all junctions of the diode structure. Diodes fabricated from a bulkp2aN
junction and g-njunction structure with g-type AlIGaN/GaN superlattice display ideality factors

of 6.9 and 4.0, respectively. These results are consistent with the theoretical model and the fact that
p-type AlGaN/GaN superlattices facilitate the formation of low-resistance ohmic contact200®
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INTRODUCTION that the excess current could be due to band—to—band tun-
neling, band-impurity tunneling, or a cascade process. Note
GaN-based devices offer several advantages over cofhat excess currents attributed to tunneling in GaAs diodes
ventional I11-V materials such as hlgh thermal Stablllty, hlgh were found on|y at low temperatures of approximate|y
breakdown electric field, hlgh chemical inertness, great meq00 °K and lower, while the currents at room temperature
chanical strength, and the ability to produce light in the blueyere consistent with Sah—Noyce—Shockley theory.
and ultraviolet(UV) region® Research in this field has re- The high ideality factors r>>2.0) in GaN-based
sulted in substantial progress towards the solution of EDs>™* were attributed to deep-level-assisted tunneling,
material- and device-related problems. One area not fulljjue to temperature-independent slopes of [Jegersusv
understood is the high ideality factor in Gan junction  piots. Ideality factors close to 2.0 were attributed to space
diodes that has been reported to range between 2.0 argharge region recombinatiGnconsistent with the Sah—
7.07° Noyce—Shockley theory, due to temperature-dependent
As per the Sah—Noyce—Shockley thebrthe forward  sjopes of (log)-versusV plots. However, a comprehensive
current in ap-n junction is dominated by recombination of theory for the high ideality factors found experimentally in
minority carriers injected into the neutral regions of the junC-GaN p-n junctions has not been presented_
tion. This type of current gives an ideality factor of 1.0.  |n this article, we propose an alternative explanation for
Recombination of carriers in the space charge region, medihe high ideality factor in GaN-based diodes. This alternative
ated by recombination centers located near the intrinsigxplanation is based on the influence of additional rectifying
Fermi level, results in an ideality factor of 2.0. Both CurrentSheterojunctions and metal-semiconductor junctions of the
are schematically shown in Fig. 1. However, the Sah-—p-njunction diode. A theoretical model on the effective ide-
Noyce—Shockley model cannot account for ideality factorsglity factor of a system of junctions is developed. In addition,
greater than 2.0 found in AlGaN/Gal-n junctions and e report experimental results gnn junction diodes fabri-
AlGalnN UV light-emitting diodes(LEDs). cated from two different structures, one bulk Gahh junc-
Esaki first discovered an anomalous excess current ifion and one incorporating prtype AIGaN/GaN superlattice
Ge p-n junctions. The excess current was found in the for-structure to facilitate ohmic contact formation. The ideality

ward voltage range in which direct interband tunneling offactors of these structures are compared and discussed.
electrons from conduction band to valence band is not pos-

sible. At these voltages, only the diffusion current due to
minority carrier injection should flow. However, a current THEORY
considerably in excess of the diffusion current was observed. \oderately doped unipolar heterojunctions with large
The excess current was found to be temperature independegiénd-discontinuities are generally rectifying and their
and was attributed to tunneling via deep levels in the forbidcyrrent-voltage I-V) characteristic is given B
den gap by Chynoweth, Feldmann, and Lo§an. av

1

exy{ m_) 1, (1)

Excess currents in GaAs diodes were attributed to tun-
neling as well by Dumin and Pearsdiowever, the authors
did not state the exact tunneling mechanism and SUQQGSt%ereISI is the reverse saturation curreqtis the elemen-
tary chargek is the Boltzmann constant, is the absolute
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FIG. 1. _Schematl'c represeptatlonlet/ characterlstl(is and carrier transport V=3V, , respectively, thé-V characteristic of the structure
mechanism for diode ideality factors of=1.0 andn=2.0. is given by

V:E|V|:2|[n|(kT/q)|nI_n|(kT/q)|nls], (5)

Eastmaiht showed that unipolar lightly doped Where we assumed that the diode voltages\aeekT/q, so
n-AlGaAs/n-GaAs heterojunctions exhibit rectifying behav- that expgV/nkT)>1. Rearrangement of the terms in the
ior. Forrest and Kinf showed than-InGaAsh-InP hetero- above equation yields
junctions exhibit a rectifying behavior. Both results are con- (q/kT) Sninle
sistent with heterojunction theot{. In the IlI-V nitride Inl= R
material system, rectification is expected in unipolar hetero- i, 2in;
junctions as well. In fact, the high barriers inherent to theln Eg. (6), the second summand is a constant because we
[1I-V nitride material system and polarization effects that canconsider only the linear region of the (laversusV charac-
further increase heterojunction barrier heights make suckeristic, wheren; are constants. Inspection of E@®) yields
rectification likely. that the apparent, i.e., externally measured, ideality factor is
The two metal-semiconductor junctions of a diode ide-the sum of the ideality factors of the individual rectifying
ally have ohmic characteristics. However, contacts can exunctions. This result can be generalized as
hibit nonlinear characteristics. In the limit of high contact
resistance, the metal-semiconductor contact can be consid- 0
ered as a reverse-biased Schottky contact. In the thermionigheren; represent the ideality factors of tpen junction, the
field-emission regime, theeversecurrent is given by? unipolar heterojunctions, and the metal-semiconductor junc-
tions. Taking into account the result of EJ), it is apparent
that ideality factors>2.0 can be measured.

(6)

nZEini ,

l,=1g,ex q_\/2 (valid for V,>3kT/q) (2
2= Is2 nokT)’ 2 a,

wherel, is the reverse current ahd EXPERIMENT

n,=(1—-n"11 The twop-n junction structures used in the experimental
study are schematically shown in Fig. 3. The samples were
grown by molecular beam expitaxy on sapphire substrate.

The n-type GaN layer in both samples consists of a LB

)

is the ideality factor for reverse bias, wharés the ideality
factor for forward bias. Note that the diode bMs is posi-
tive in reverse direction.

Finally, thep-n junction has ar-V characteristic given

(4)

by
qVy

l3=1g3 ex;{m)—l .

A GaN-base@-n junction diode can then be modeled by
a series of diodes, the actual Gahh junction diode, unipo-
lar heterojunction diodes, and a Schottky diode at the metal/
p-type GaN junction. Such a structure and the corresponding
equivalent circuit are schematically shown in Fig. 2. The
circuit also shows resistors indicating the leaky nature of the

0.4 um p*-type GaN:Mg
0.3 um n-type GaN:Si

" 0.3um n-type GaN'Si

1.8 um n*-type GaN:Si

1.8 um n*-type GaN:Si

Sapphire substrate

Sapphire substrate

GaN p-n junction structure

Al 2Gag sN/GaN superlattice
p-n junction structure

diodes. Assuming that these r_es_istors are large, we can _deri%. 3. Schematic structures of twmsn junction diodes used in the experi-
the current-voltage characteristic of this system of junctionsment.
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FIG. 4. 1-V characteristics op-n junction withp-type GaN and-type GaN FIG. 5. I-V characteristics op-n junction with p-type Aly,Ga gN/GaN
cladding layers. superlattice ana-type GaN cladding layer.

n*-type GaN buffer layer with a Si concentration of €t al,* who, for GaN-based heterojunction diodes, reported
~10% /cn?. This is followed by a 0.3:m n-type GaN layer _n~2._5, 6.8, and 5.0, respec_tlvely. In_ addition, we measured
with Si doping concentration of 101%/cn. The p-type re- ideality factors of commercially avallable_ GaN-bgsed blue
gion in the bulkp-n junction consists of a 0.4m p*-type LEDs,_man_ufactured by repute(_j companies. Typical values
GaN layer with a Mg concentration of 10:%cm?. In the of the ideality factors for three different types of LEDs were
superlatticgp-n junction, thep-type region consists of a uni- 3.2, 4.7,_and _7-4- ] . )
formly doped 0.3um p*-type Al,,Ga, N/GaN superlattice The _|deaI|ty factor of a reverse-biased Schottky Jur_lctlon
structure on top of a 0.:m p*-type GaN layer with Mg can be inferred from Eq(3) to beny=(1—n"*)"*. This
doping concentration of- 10‘Ycr. The superlattice struc- relation suggests reverse-bias ideality factors of 2-3 for
ture is made up of 15 periods and is included to facilitateforward-bias ideality factors of 1.5-2. These values are fully
ohmic contact formation. The widths of the wells and theconsistent with our experimental results measured on back—
barriers of the superlattice are 100 A. to—back p-type GaN metal-semiconductor contacts, where
Processing includes treatment of {iype GaN surface We measured reverse-bias ideality factors as high as 5. Mod-
in buffered oxide etchant for 5 min to remove native oxides€rately doped unipolar heterojunctions biased in forward di-
and obtain improved adhesion to metal contacts. Nif2Q0 rection should have ideality factor; of apprqximatel(;R@fs.
R/200 A) is deposited as the-type contact metal using 14, 1_5 due to the_fact that t_he barrier lowering cauged by the
electron-beam evaporation. Mesa patterns are etched Kjpplied voltage is approximatelyeV/2), whereV is the
chemically assisted ion beam etching using Shipley 181%0ltage drc_)p across the he_terOJuncuon. This is in contras_t to
photoresist as an etch mask. After the removal of photoresighetal-semiconductor junctions, where the barrier lowering
using acetone and oxygen plasmdype contacts are subject caused by the applied forward-bias voltage is equaVo
to rapid thermal annealing in air ambient at 500 °C for 5 min.However, such heterojunctions may be very leaky, particu-
Subsequently, patterns fartype contacts are transferred by !@rly at high temperatures and doping, so that ohmic rather
photolithography using Futurrex negative photoresist. Ti/Authan rectifying characteristics are exhibited. This is espe-
(200 A/200 A is deposited as-type contact metal with cially the case in hlghly doped superla'ttlce structures, which
electron-beam evaporation. TheV characteristics of the di- @S @ result of high doping enable ohmic contact formatfon.
odes are measured using a Karl Suss probe station and a Hpep-njunction itself should have an ideality factor between

4145B parameter analyzer. 1 and 2 as per the Sah—Noyce—Shockley theory. The sum of
the ideality factors of individual components stated above is
RESULTS AND DISCUSSION ;:(;):;Slstent with our experimentally found high ideality fac-
|-V characteristics of theg-n junctions measured at Conduction—to—valence ban@nterband tunneling is

room temperature are shown in Figs. 4 and 5. Théchar-  highly unlikely in our devices due to the nondegenerate dop-
acteristics display a linear dependence dfém V over sev-  ing concentration. Multistep tunneling at then junction

eral orders of magnitude of the injection current. The idealitywould result in an excess current. However, th¥ charac-
factors observed are 6.9 for bulk GgiNn junction and 4.0 teristics obtained in Figs. 4 and 5 do not show any excess
for GaN p-n junction with superlattice structure. The ideality current. On the contrary, the opposite is observed especially
factors for both the diodes are higher than 2.0, thus exceedn bulk p-n junction, namely, a current that is lower than the
ing the values expected from the Sah—Noyce—Shockletheoretically expected current. This would not be expected
model. The high ideality factors are consistent with resultdbased on the theory developed by Chynoweth, Feldmann,
reported by, for example, DmitriévCaseyet al.® and Perlin  and Logafi and Dumin and Pearsdilunneling through the
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100 e i ture due to the higher activation of acceptors at elevated
p-n juncﬁon\ | l l | ! ’ l l temperatures. In addition, contacts become less rectifying at
10 - p-type Alo.zGIao.sN/GaN superlattice cladding—— higher temperatures and hence result in more ohmic behav-
] F?b%ﬁ;%?arfn‘;gdrd'"g | : ior. This decreases the ideality factor contributed by the
/ P metal-semiconductor junction, which in turn reduces the
T 0.1 e i Al overall ideality factor. This interpretation is in agreement
= 85 y /' ] with the theoretical model and the experimental results.
o . E
3 10-3 )/,:ff/ CONCLUSION
Nopoec = 3.0 [/‘ . .
j0-4 L L1 1M o 24°C | In conclusion, we have experimentally analyzed and de-
n1|00°c|=?-3/7/f —a100°C | ] rived a theoretical model for anomalously high ideality fac-
10 [ npgec= 4.6/ —e—200 °C |3 tors (n>2.0) in AIGaN/GaNp-n junction diodes. It is shown
10-6 ] | } [ T 11 ] that rectification in unipolar heterojunctions as well as metal-
-05 00 05 10 15 20 25 semiconductor junctions can increase the ideality factor to
Voltage (V) values greater than 2.0. The externally measured ideality fac-

tor of ap-njunction diode is the sum of the ideality factors
of the individual rectifying junctions. Experimental results
on GaN-baseg-n junction diodes reveal that bulk Gahn
junction andp-n junction with ap-type AlGaN/GaN super-
lattice structure have ideality factors of 6.9 and 4.0, respec-
barriers into a quantum well has also been propSsddw- tively. These results are consistent with the theoretical model
ever such a mechanism is not applicable to our devices dugnd the fact thap-type AlIGaN/GaN superlattices enable the
to the absence of quantum wells at @ junction. formation of low-resistance ohmic contacts.
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superlattice ana-type GaN cladding layer for three different temperatures.
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