Numerical simulation of wide band-gap AlGaN/InGaN light-emitting diodes
for output power characteristics and emission spectra
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We present results from numerical simulations of AlGaN/InGaN double-heterostructure
light-emitting diodes. A highly convergent, fast, and memory efficient algorithm necessary for wide
band-gap device simulation was developed and is described here. Charge carrier tunneling currents
and a band to impurity recombination mechanism are included. The results compare favorably to
experimental results. The results demonstrate that the saturation of power at high currents, the high
rate of increase in currents at high voltages, and the reduced broadening of the optical emission
spectrum at high biases, with only band-to-acceptor recombination occurring in the active region,
are due to carriers leaving the active region by thermionic emission rather than recombining.
© 1996 American Institute of Physid$§0021-897@6)07505-7

I. INTRODUCTION device structures based on material systems which do not

There is a large effort underway to create optoelectronidclude nitrides. _ _ o
devices from nitride-based compounds and alloys. The com- Numerical simulation of wide band-gap materials is
pounds AIN, GaN, and InN form a continuous alloy systemmore difficult than narrow band-gap materials because more
whose direct band gap gives light emission from red to ul-mesh points are needed to resolve potential variations and
traviolet. Experimental groups throughout the world havecharge concentrations due to the large range these values
created light-emitting diodestransistorg,and sensofsrom  have. However, by using too many mesh points there is the
these materials. Optically pumped nitride-based semicondugisk of introducing large round off errors as well as the tech-
tor lasers also have been createdne of the main goals of pica problems of requiring more computer memory and
this research effort is to create the world’s first current injec-longer running times to solve the large system of coupled
tion pumped nitride-based semiconductor laser. Systems f quations.
imaging, information storage and retrieval and flat panel dis- As a preparation for the simulation of nitride based la-

| | f ly from the blue ligh I
plays would benefit greatly from the blue light and smaller  ° "\ "G ated nitride-based light-emitting diodes

focal spot size available from these lasers. However, man ) i _ )
difficulties are encountered in obtaining high quality materi- LEDs). In this pa[_)e_r we f|rst_d|scuss a_ new highly Convgr-
als required for the laser. gent, fast, and efficient algorithm for wide band-gap device

To create good devices the materials should be perfe@mulation as well as methods for inclusion of charge carrier
and the structure optimized. Research on the growth of nitunneling currents and band to impurity recombination of
tride based compounds and alloys is currently at a very earlgharge carriers. Then we will present results of a complete
stage, and thus the material quality is not the best. Howevegne-dimensional numerical simulation of a double-
the overall performance of the devices created is acceptablgeterostructure AlGaN/InGaN/AlGaN LEEF Two cases
if one optimizes the structure and dopant concentration progere considered in our simulation: first, devices with band-
file through numerical simulation. Simple modeling is ”Otto-acceptor recombination in the active region of the LED,

enough to fully understand and optimize the device. A COMyny second, devices with band-to-band recombination in the
plete self consistent numerical simulation should be per-

. . , . ctive region. Different experimental works have seen emis-
formed, solving Poisson’s equation, and the electron and. . .
L . o . sion from only impurity levelg,from both band-to-band and
hole continuity equations, to obtain information about cur-

rent spreading, leakage current, tunneling of charge carrierg),"’md'to'"”npurlty level with relatively equal strengther

electric field distribution, and the recombination rates at dif-Where band-to-band and band-to-impurity recombination
ferent locations in the device. This will speed up the develfake place with emission strongest from band-to-impurity
opment of high quality devices based on these material§€combinatior. The dominant recombination mechanism ap-
People have already performed this kind of simulation forparently depends on many things including what type of
optoelectronic devices based on gallium arsehatel other  buffer layer is used, and what dopant atoms are involved.
medium and narrow band-gap materials; however, the nu- The results give some insight into the processes taking
merical simulations of wide band material devices performeglace in this device. The results presented show that it is
up to now, to the best of our knowledge, are for very simplepossible to optimize the output power and spectral content of
light emission by proper doping and band-structure engineer-
dElectronic mail: shah@ciao.eng.wayne.edu ing.
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Electrode lll. MATERIAL PARAMETERS

i g g i i g g 2 i

5, Material parameters values for AIN, InN, and GaN, are
p-GaN; N, =4x10 /cm 0.5um listed in Table I. In the tablemi andmj are the effective
masses of electrons and holes, respectively, relative to their
free-space masg,, and u, are the mobilities of electrons
and holes, respectively, argl(0) is the relative permittivity

of the material at zero frequency. Parameter values for the
alloy regions are obtained from

valug A,B; _,C)=valug AC) X x+valugBC) X (1—Xx).
1)
Most of the values in the table were obtained from the best
n available experimental results published, though we have
n-GaN; NL=4x10 /cm 4.0pm had to rely on theoretical values for a few of them. Different
experiments and calculations have obtained different values
for bowing parameters for AlGalt'?and InGaN Also, the
-« > dependence of the electron affinities and thus the band dis-
500um continuities on alloy composition are not well known when
bowing parameters are used to calculate the energy gaps.
FIG. 1. Struc_tgre of th_e simulated device with dopant concentrations anq-herefore, we have decided not to use bowing parameters in
alloy composition fractions. the calculation of the energy gaps or electron affinities of the
alloys. For the band offset between AIN and GaN, different
experimental groups have made different measurements from
Il. DEVICE STRUCTURE AE, =0.8+0.3 eV (Ref. 13 to AE,=0.5 eV}* However, we
] o ) ] ] ] are not aware of any experimentally obtained values for InN.
~ The light-emitting diodes simulated in this paper con-Therefore, for consistency we have used the values listed in
sist of ap-i-n structure shown in Fig. 1. This contains large he tahle. The values listed in the table were obtained from
charge carrier stopper layers adjacent to the active region ig, | cAO theory of heterojunctiofswhose absolute values
both the conduction and valence bands to confine carriers Qe not meaningful but relative values are. This procedure is
the active region. A structure similar to this was fabricatedy,ore accurate for polar materials than ionic materials which
and characterized by Nakamura and co-workéfse InGaN _nitride-based semiconductors are. This may explain why val-

center region is the active region where most of the light iS;as in the table differ from experimentally obtained band
emitted. The size of each region is shown in the figdrés  fsets for AIN and GaN.

the active region’s thickness. The compositions of the alloy

Ia¥ers, aIs_o shown in the figure, are the same as in Nakamtl\—/- SIMULATION PROCEDURE

ra’s experimental work.The dopant concentrations were not

available, so we assumed the values listed in the figure. Poisson’s equation, and the electron and hole continuity
Similar values are found in other experimental works withequations were self consistently solved over a one dimen-
similar materials. Nakamura’s device’s active region wassional cross section of the structure. This was done using an
doped with Zn, from which the emission energy is 0.5 eVearlier version of thetNILASE® program which uses a modi-
below the band-edge emission. We set the device’s width tfied Newton—Raphson method to solve the equations. For
500 um and the length to 60@m, which are similar to wide band-gap simulations, necessary modifications were
structures Nakamura fabricated previouSlyThese sizes made in the unknown variables and the solution algorithm.
were only used to convert current densities calculated by th&hese were done to counteract two problems encountered.
program to currents for comparison with the experimentaFirst, the range of variation in the unknown variables had to
results of Nakamura. be reduced to improve convergence to a solution. The differ-

19 3
p'AIonGao.ssN’ NA=4x10 /cm 0.15pm

16
pIn Ga N; N, =1x10 /cm3
0.06 0.94

o

19 3
n-Al 0.15Ga0.85 N; ND= 4x10 /cm 0.15um

TABLE |. Material parameters of AIN, GaN, and InN.

Parameter AIN Ref. GaN Ref. InN Ref. Units
mg 0.48m, 21 0.2 20 0.1, 26

mp 0.7m, estimate 0.4 32 Orfy 26

M 300 21 600 31 3000 37 divis
Ko 14 25 9 22 300 estimate évis
€(0) 8.5 30 9.0 30 15.0 30
Ref. index 2.15 30 2.67 30 3.0 30
Direct energy gap 6.2 38 3.43 29 1.9 30 ev
Electron affinity 7.64 28 10.23 28 11.1 28 ev
Spin orbit splitting 12 35 11 24 80 35 meV
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ence between the majority and minority-carrier concentraat the base of the spikes in the conduction band are close to
tions in a single region is many orders in magnitytigpi- unity. Therefore, we assumed that all the carriers tunnel
cally 20—40 orders of magnitugleand the minority-carrier through the spikes.

concentration may fluctuate like noise during the simulation  This simplifies the usual procedure, based on the WKB
preventing convergence to a solution. Second, the built-irpproximation, for tunneling and thermionic emission at het-
potential at equilibrium is quite large leading to large anderojunctions. Assuming all electrons tunnel through the band,
sudden charge variations that need to be resolved. One pa® obtain the thermionic field emission currdite, the elec-
sible way to counteract this problem of resolving chargetron’s thermionic emission current at the junction is multi-
variations is to use very fine meshes, but this would increasplied by a coefficient related to the height of the spike
round off errors, increase the simulation time and requirghrough which tunneling occu® as

more computer memory. _

To overcome these problems, first, the unknown vari- Jree= JruX exXpP/KT), @
ables were changed fromio(7,), .7 o(7,), andy to 7,,7,,  WhereJy is the thermionic emission current for the case of
and . Here.7, is the Fermi integral of order 0, and no tunneling. During the simulations, the program automati-
cally finds the height of the spiké for each applied bias by

ﬂn:ﬁ- 2) looking several nodes away from the junction on both sides
kT of the junction. Tunneling and thermionic emission currents
E,~Efp were incorporated only at mes_h pgints on the edges of the
e 3 heterojunctions and drift and diffusion currents were used at

all other nodes in the device.
whereE; and E, are the coordinate-dependent conduction
and valence band edges, dg andE;, are the electron and
hole quasi-Fermi levels.

Then to obtain a converging solution for the on state of
the light-emitting diode, a fast, iterative, and fully automated =~ Empirical parameters for recombination in these materi-
algorithm was developed and implemented where by the inials are not available. Therefore, we have calculated these
tial guess for one Newton iteration was obtained using the¢ates. For band to band recombination, the recombination
solution of a previous iteration that solved for a structure forrates were calculated assuming tkeselection rule which
which convergence was easier to obtain. First, we find thétates that the photon's momentum is zero throughout the
near equilibrium solution for a narrow gap device with arecombination process. Thus we have the forifula
band structure whose form is similar to the device we even-

B. Recombination

2 ZEM 2 2m 3/2
tually want to simulate. Then the device is turned on by  rq,c_\( —'uqz—|2b|3(ﬁ—2r) (E—Ey)*?
slowly increasing the bias. Then the energy gap, electron mMy€oh”c
affinity, and dopant concentrations are slowly increased in X f(EQ)f,(E,), (5)

steps while occasionally increasing the bias to maintain the ) N .

near on state of the device. This procedure continues until w&here|My| is the average transition matrix element for the
obtain the actual wide band-gap device in its on state. Thé=0 Bloch statesu is the refractive indexq is the elec-
mesh’s size does not have to be changed during the simul#On’s charge,m, is the mass of a free electro,is the
tion. Therefore, this procedure allows one to use a mesh th&rmittivity of free spacec is the speed of lighth is

is more coarse than one that is needed if the simulatioffl2nck's constant, anl, is the energy gap. Using momen-
started from equilibrium with the actual band structure, with-tum and energy conservation, we have

out reducing accuracy of the information obtained.

m
Tunneling currents at heterojunctions with large band ECZ#(E—EQ), (6)
discontinuities were also included. Tunneling currents should €
be included in wide band-gap device simulations, as we will "
demonstrate below, because the large band discontinuities at Ev:m_h(E_ Eg), @)
heterojunctions and high carrier concentration may create
large narrow spikes in the conduction or valence bands caus- _ MeMmy,
ing tunnel currents to be a large fraction of the total current mr_me+ my’ ®

in the device. Finally, a band-to-impurity recombination

. . where m, and m;, are the electron and hole masses. The
mechanism was included.

Fermi distribution functions for functions for electrons and

A. Thermionic field emission holes are given by

Highly accurate methods exist for the simulation of car-  f (E)= , (9)
rier transport through heterojunctiofs.We use a very exf (E/kT—7,)]+1
simple method for including tunneling into a general device 1
simulation program with thermionic emission currents when  f (E)= — .
a high degree of tunneling occurs at a heterojunction. In the eXHL(B/KT=7p)]+1
present structure, the transmission coefficients for electronfhe energy for holes is positive into the hole band.

(10
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For the average transition matrix element for the Bloch
states the following formula is applicabl®:

: i,
M=o S0t ay £
12me(Eg+ sA) %

a

whereA is the energy of the spinorbit splitting. This formula
assumes a zinc-blende crystal structure and transitions be-
tween Bloch states obtained from Kane’s model for the band
structure. The nitride alloys and compounds occur naturally
in the wurtzite structure; however, they are also grown in the
zinc-blende structure. We assume both crystal structures be-
have similarly.

For recombination from the conduction band to the ac-
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ceptor’s energy level, the functional form of the acceptor’s

density of states was taken as a delta function and the con-
duction band was assumed parabolic. Summing the transition 20} .
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FIG. 2. Plots of(a) power vs current, an¢b) current vs voltage for LEDs
with active region thicknesses of 0.Q6n (—), 0.075um (--—), and 0.1
(12) um (- -). (b-b) denotes band-to-band recombination @md) denotes band-
to-acceptor recombination in the active region.
whereE, is the energy level of the acceptors above the va-

lence band which in this case is 0.5 @Vjs the density of

states in the conduction bard, is the density of acceptors, \yhereV is the crystal volumea* is the bohr radius and
andV is the crystal volume. Here it is assumed that holes

make the transition from the valence band to the acceptor _ v2meE,

level infinitely fast. Ky = o (15)

The k selection rule does not hold in band-to-acceptor

recombination so an energy-dependent matrix element i\g/hereEe is the electron energy measured from the conduc-

used instead. We are interested in the performance of thtéOn band edge. . . .
The total spontaneous emission rate for use in the conti-

device in its on state when the concentration of free carriers . . o
in the active region turns out to be much larger than thenu'ty equations is given by
dopant concentration, and they strongly screen the dopants.
Therefore the potential wells around the impurities are very
narrow and the binding energy of the carriers to the impuri-
ties are glecr_eased. Also the bohr raglius of the impurity ig,_ RESULTS AND DISCUSSION
roughly five times as large as the lattice constant. These al-
lows us to say that the impurity behaves as a shallow impu-  In this section we present results of the numerical simu-
rity with a small ionization energy. Therefore we use a ma-Jations demonstrating the device performance when only
trix element for a transition from a parabolic band to aband-to-band recombination occurs in the active region, and
shallow impurity. The energy level of the acceptors in Naka-only band-to-acceptor recombination occurs in the action re-
mura’s material was experimentally meas(reg photolu-  gion. Effects of changing the active region’s thickness, and
minescencéPL) experiments, during which the carrier con- dopant concentration on the power versus current plot, cur-
centration in the material may not be as high as when thgent versus voltage plot and optical emission spectra are dis-
LED is forward biased, and the screening and subsequetissed in the band-to-acceptor recombination case.
lowering of the ionization energy at the impurity did not ~ Figure 2a) demonstrates the power versus current be-
occurred. Therefore the impurity level in the LED may actu-havior for the device with only band-to-band recombination
ally have a smaller binding energy than the 0.5 eV measuretb—b and only band-to-acceptdb-a recombination. The
by PL. curve for a 0.05am-thick active region is for comparison
Thus the matrix element for this transition consists of thewith the results of Nakamura. Also, shown are curves for
Bloch part given previously and an envelope part which in-active region thicknesses of 0.075 and @uh. This figure
cludes factors for the influence of the impurity. demonstrates that the power at a fixed current is higher for
- ) ) band-to-band recombination than band-to-acceptor recombi-
Mg “= Mg Mend?, nation. For instance, with a 60 mA bias and an active region
thickness of 0.0%um and band-to-band recombination in the
active region the optical power emitted is 99.0 mW, while if
only band-to-acceptor recombination occurs, the optical

X Nap[E—(Eg—Ea)]|Mif]2X(V),

o

Rsp(x,y,z)zfﬁmrsp[‘g:\'/)(E)dE. (16)

(13
where the envelope matrix elemdM,,,J* is given by®

IMgnd 2= 64ma*3(1+a*2k2) "4V 1, (14)
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FIG. 4. Band structure of the 0,m-thick active region device biased(aj

20 mA and(b) 60 mA. E; and E, are the conduction and valence band
edges,E¢, and E¢, are the electron and hole quasi-Fermi levels, respec-
tively.

FIG. 3. Band structure of the 0.Qm-thick active region device biased at
(a) 20 mA and(b) 60 mA. E; andE, are the conduction and valence band
edges,E;, and E¢, are the electron and hole quasi-Fermi levels, respec-
tively.

active region to confine the charge carriers to the active re-

power emitted is 54.7 mW. This difference is due a highergion. The conduction bands’ edges also displays spikes
recombination rate and also to the higher energy photonghrough which charge carriers tunnel.
emitted. Also we observe that the power begins to saturate in As the bias increases from Fig(aB to Fig. 3b) the
the band to acceptor recombination plot as the current apactive region’s quasi-Fermi levels move further into the
plied increases, and that this saturation occurs at higher cubands and the stopper layers are less effective at confining
rents when the active region is thicker. This saturation beeharge carries. Therefore, carriers leak out without recombin-
havior is also observed in Nakamura’s power vs currening. The reason this occurs with band-to-acceptor recombi-
plots® as well as in other groups’ resuifswith different  nation and not band-to-band recombination is that in the
devices based on wide band-gap materials. band-to-acceptor case a bottleneck exists due to the limited

Figure Zb) demonstrates the current versus voltage benumber of acceptors sites available for recombination.
havior for the same devices. Here we observe that to obtain Any method of increasing the rate of recombination in
the same amount of current, lower voltages are needed in thbe device will reduce the loss of carriers out of the active
case of band-to-band recombination in the active regiontegion by mechanisms other than recombination. One
Also, in the band-to-acceptor recombination case the rate ahethod is to increase the thickness of the active region. This
current increase is slow at low voltages and fast at high voltincreases the number of recombination centers available in
ages. the active region and also the time during which carriers

The band structure plots in Fig. 3 explain the saturatiorhave a chance to recombine. The band structure for the same
in power and large increase in current when only band-todevice with an active region thickness of Qufin is shown in
acceptor recombination occurs in the active region. Figuré-ig. 4@ with a bias of 20 mA and in Fig.(®) with a bias of
3(a) shows the band structure near the active region in thé0 mA. Here the quasi-Fermi energy levels do not move as
device with a 0.05xm-thick active region biased at 20 mA deep into the bands for the same bias as in the thin active
and Fig. 3b) shows the band structure near the active regiorregion case shown in Fig. 3.
when the device is biased at 60 mA. Quasi-Fermi levels for  These band-structure diagrams also explain the rapid in-
minority carriers in the outer layers are not shown because iorease in currents at higher bias voltages. At low voltages the
this region their concentrations are negligibly small and allcurrent is due mostly to recombination in the active region;
phenomena are determined essentially by the majority carrhowever, at high voltage, the current is due to recombination
ers. Electrons approach the active region from the right anih the active region and thermionic emission out of the active
holes from the left. Huge stopper layers are adjacent to thesgion.
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high bias limiting the movement of the quasi-Fermi levels
further into the band and the width of the emission spectrum
is determined by the separation of the electron and hole
quasi-Fermi levels. This behavior has been experimentally
observed? Figures a) and Gb) also show that thinner ac-
tive region devices have a wider emission spectra for the
same amount of bias current. This is because in the thin
active region device the quasi-Fermi levels are deeper in the
energy bands and further away from the energy gap for a
given amount of bias current as demonstrated in Figs. 3 and
4 and thus the carriers which recombine are spread over a
larger energy range. The uniformly growing optical emission
spectra of band-to-band recombination is demonstrated in
Fig. 6(c). Also, these spectra are much narrower than in Figs.

FIG. 5. Power vs current plot for an active region with an acceptor concenb(@ and @b) because the recombination bottleneck is not
tration of 2x10'%/cn® (- - -) and 1X10'%cm® (—).

present and thus the quasi-Fermi levels do not move as far
into the energy band for a given amount of bias current.
Finally, we see that band-to-band recombination has a higher

Increasing the concentration of the dopants in the activeate than band-to-acceptor recombination at high currents
region also increases the chance of recombination and thend a lower rate at low currents.

power emitted when saturation occurs in the power versus

We assume that Nakamura did not observe the overlap of

current plot. Figure 5 demonstrates that when the concentrahe relative intensity plots at higher currents because either
tion of the Zn acceptors in the active region doubles fromthe doping of the active region was not low enough to cause
1x10'® to 2x10'%cm?® the output power also doubles. In this strong saturation at the currents applied, or there were many
case the optical power emitted begins to saturate at a biagther recombination mechanisms in the energy gap which we
current of 65 mA rather than at 30 mA. did not consider. The tails at lower energy that Nakamura
Figures 6a) and &b) demonstrate the emission spectraobserved in his intensity spectra are not present in our results
for devices with only band-to-impurity recombination in the because we considered the impurity level as a delta function
active region and a 0.0am-thick and a 0.Jzum-thick active  when in reality this level is broadendd Band tails at the
region, respectively. Figure(§ demonstrates the emission energy band edges are not the cause of the broadening be-
spectra for a device with a 0.Q&m-thick active region with  cause the dopants are very effectively screened by the large
only band-to-band recombination. All plots are for bias cur-charge carrier concentration in the active region.
rents of 20, 40, and 60 mA going from narrowest to widest.  There are many energy states in the band gap for radia-
Figure Ga) shows that for band-to-acceptor recombination,tive and nonradiative recombination which we did not in-
along with saturation of the output power, the increase in thejude. GaN has states in the energy gap due to nitrogen va-
height and width of the optical emission spectrum is muchcancies, nitrogen substitutional on metal sites, metal
less for higher currents. This occurs because electron leakag@bstitutional on nitrogen sites, and metal vacantiééThe
out of the active region by thermionic emission is greater ainaterials we have simulated are actually alloys of GaN with
AIN or InN. However, we assume that since the fraction of
GaN is much larger than the other compounds, the alloy will

exhibit mostly GaN properties. The metal substitutional on

= ® (@) ® (b) ! © nitrogen sites also introduces tails in absorption pfogmd
2ol . 6 may be the reason that the experimental results of Nakamura
2 5 has long-wavelength tails in the emission spectra which we
e 2 do not observe in our simulations.

ng: i 4 The power calculated here is somewhat higher than the
215 experimental results of Nakamura. For instance at 10 mA we
5 2t 3 obtained an output power of 14.2 mW, while Nakanfura
g1 2 obtained an output power of 0.88N. Also, at 40 mA, we

g 1 obtained an output power of 51.8 mW while Nakamura ob-
§_°'5 1 tained an output power of 2.5 mW. This difference may be
@ 0 0 9 due to several reasons. We do not have the actual doping

400 450 400 450 40 360 380

Wavelength [nm]

Wavelength [nm)

Wavelength [nm]

values and complete dimensions of his device. Metal con-
tacts to nitride based semiconductors form Schottky contacts
and have large contact resistances. Furthermore, other re-

FIG. 6. Light emission spectra for @ 0.5-um-thick active region with  combination mechanisms, broadening of the acceptor level,
only band-to-acceptor recombinatioff) 0.1-um-thick active region with

only band-to-acceptor recombination, af@ 0.05um-thick active region and current transport mechanisms such as electron transport

with only band-to-band recombination. From narrowest to widest the curvedlt autodoping centet$ should be_ included. Finally, better
are for currents of 20, 40, and 60 mA. values for the parameters used in the model are needed.
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