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Field and Hot Carrier Enhanced Leakage in
InGaAsP/InP Heterojunctions

L. C. CHIU, K. L. YU, S. MARGALIT, T. R. CHEN, U. KOREN, A. HASSON, anD AMNON YARIV

Abstract— A model calculation for the field and hot carrier enhanced
electron leakage in InGaAsP/InP LED’s and lasers is presented. The
significant influence of the doping level in the P-InP confining layer on
leakage current is confirmed.

HE temperature sensitivity and power saturation of

InGaAsP lasers and light emitting diodes (LED’s) have
triggered an extensive search for the responsible mechanisms.
Prime candidates are nonradiative Auger recombination and
carrier leakage over the heterobarrier. These are believed to be
important factors affecting the performance of the family of
quaternary optoelectronic devices emitting in the spectral range
of 1.1-1.6 um. A number of new structures have been de-
signed to isolate and thus directly demonstrate the role played
by carrier leakage in LED’s [1], [2] and lasers [3].

An interesting experimental observation of Chen et al. [3] is
the continued increase of leakage current with total current
above lasing threshold. Leakagé models based on diffusion of
electrons [4]~[6] alone cannot explain the observed phenome-
non, as clamping of carrier density leads to a constant leakage
current above lasing threshold. However, the observed be-
havior can be explained by invoking the electric field domi-
nated drift component of electron current in the cladding
layer. Lee and Dentai had included the field term in their cal-
culation of the carrier confinement factor in GaAs/GaAlAs
LED’s [7], but Anthony and Schumaker [8], [9] were the
first to recognize the significance of this field. However, their
theory predicted a linear dependence of leakage current on in-
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jection current above threshold, contrary to the experimental
result of [3]. The observed result can be explained by a theory
analogous to the minority carrier injection in a Schottky diode
(101, when the band discontinuity at the heterojunction is
taken into account. We will show that in the high injection
regime where lasers normally operate, the electron leakage cur-
rent J, will be proportional to J,%, the injected hole current
where o is a positive number between 2 and 3. This would
result in an “unclamped” leakage current which increases
superlinearly with total injection current beyond lasing thresh-
old. In this work, we present an electron leakage over the
heterobarrier which incorporates the influence of both the
electric field and carrier heating effect {11], [12].

Under high injection conditions in double heterostructure
InGaAsP LED’s and lasers, if the doping level in the P-InP clad-
ding layer is low, it can easily be shown that there exists a sub-
stantial electric field across the InP layer. In such a case, the
hole current can be written as

—> —

Jp = e,LLpNAE (1)

where e is the electric charge, up the hole mobility, N, the
doping level in the P-InP layer, and E the electric field strength.
For simplicity, only the component trahsversg to the junction
will be considered. The ratio of the drift and diffusion compo-
nents of the electron leakage current across the p-InGaAsP-
P-InP heterojunction is then given approximately by

Jaritt %< My ) L
Jaire \up / eDy Ny

(2)

where L is the thickness of the cladding layer, and is assumed
to be small compared to the diffusion length of electrons in
the P cladding layer, up the electron mobility, and Dy the
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electron diffusion constant. Taking uy = 3000 cm?/V -s, up =
150 cm?/V +s [13], L =1.5um, Dy =77 cm?/s (at 300 K),
and N, =10'7 cm™3, it is easily verified that the drift current
is larger than the diffusion current when J, exceeds ~420
Afem?. Since normal lasers operate at much higher current
densities, it is expected that the drift rather than diffusion
current will dominate. Since the drift (leakage) current in-
creases with the field E, and E increases with Jp [see (1)], it
follows that the leakage current continues to grow with cur-
rent past threshold.

Fig. 1 shows the band structure at the p-InGaAsP-P-InP
heterointerface at thermal equilibrium. «, the fraction of the
diffusion potential (Vp) on the widegap side, is given by [14]

1
K =
1+ (eaNg2/€1N41)

3

where e is the dielectric constant and the subscripts 1 and 2 de-
note the low and high gap materials, respectively. The hole cur-
rent under a forward bias V =V, + V,, V=« V.,V =(1-x) V)
is then given by

p = Tog(e VAT - €Ty
ps
:fpse‘(eVl/kT)(e eVikT _ 1
=Jpe(e VT - 1) @)
with
kT )1/2 1
Joo=eN
Vd2
o EVUED) o~ «eVDIKT) )
where
pel = 1 o (A0 VDRT =(AE,[KT)
a2 =T
ot (KeVD >1/2 me kT ©
KT 2Ny

which are exact analogues of the thermionic-diffusion model
of a Schottky barrier [15]. In the previous equations, m,y, is
the hole effective mass and AE,, is the discontinuity in the val-
ence band. The electron concentration at x, (see Fig. 1) is
given approximately by

3/2 ' i
N, (x2) =<%) 1y exp [ilAz(]‘?,‘l—):l

le

- exp (— %) exp (%g?—) exp K%) - 1} (7

where 7, is the electron density in material 1 (InGaAsP), 4;’s
are constants which account for the degeneracy [14], and
N, and N,, are the conduction band effective density of
states.

In most cases, it can be verified that vy >> (kT/2my,m)Y?,
and the conduction mechanism is thermionic emission domi-
nated [16]. Also, though (4) indicates a rectifying character-
istic, the large J,; value (which exceeds 1000 Afem? in most

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. QE-19, NO, 9, SEPTEMBER 1983

(]
T
2
s

Tll

[
X
- x
n
@]

p-In GaAsP
Active Region

Fig. 1. Band structure at the p-InGaAsP-P-InP heterointerface at ther-
mal equilibrium.

cases) renders the junction more “ohmic” than rectifying in
nature. .

Solving the carrier transport and continuity equations for
electrons, the electron leakage current is given by [10]

un\ Jp eDy
10 =) 2 Ny () - — - Ny (x
e( ) (I-LP)NA2 2( 2) A 2( 2)
.[LeL/yZ"x/yl + 1 (8)

e—(L/y1)+x/yz]
Y1 Y2

x -L
1__ 2/y2 /yl

y% 5

2 My Jp N2
12 =) B

up ] eNgo
with 7pr, the electron lifetime in the InP cladding layer. In
arriving at the above solution, we have assumed the boundary
condition of N,(L)=0. However, when the leakage is drift
dominated, the boundary condition N, (L) is not important,

as is apparent from (8). _
The total injected current density Ji,¢ is simply

_ e_(x2/y1)+ L]y

and L2=Dy7y, (9)

(10)

Since J, is just the leakage current Ji,y, it follows that the re-
combination current Joc =J,. Up to lasing threshold, J, can
be expressed as

Jiot =Jp tJe = Jrec tJieak-

JI‘EC
ed

=Bny(ny +Ngy)+ Cence1* (1 + Nay)

)2.14 (1 1)
where d is the active layer thickness, B the radiative recom-
bination constant, Cepee and Cengn are the Auger coefficients
for the CHCC and CHSH processes [17]. B is estimated from
spontaneous lifetime data and Cepee and Cepgn are calculated
as described in [17] .

As can be seen from (4)-(7), the discontinuities in the con-
duction (AE,) and valence band (AE,) play an important role
in determining the magnitude of the leakage current. Unfor-

+ Censh 11 (M1 + Ngy
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Fig. 2. Calculated Jo/J, under different injection conditions. Experi-

mental data are from [2]. The dashed line denotes the result when
hot carrier effect is neglected.

tunately, the discontinuity in the quaternary sysf~m is not
accurately known. However, there are experimental [18],
[19], and theoretical [20] indications that a substantial frac-
ion of the discontinuity lies in the valance band. We have used
AE. =1 AE, as measured in [18] and [19]. If the interface
is graded, then the potential “spike” which is resistive to hole
injection would decrease, resulting in less leakage. In this
work, an abrupt interface is assumed. However, the ratio
AE/AE, as well as the doping level N4, are varied to provide
a quantitative trend and estimate of the leakage current and its
effects.

It was found that for 1.3 um LED?s, if effects of carrier heat-
ing and/or Auger enhanced leakage [21] were excluded, the
predicted leakage using reasonable parameters would be much
smaller than the observed values. Much better agreement
could be obtained by incorporating carrier heating effect or
employing a boundary condition 115 (x;) ~ exp [~ 3 (hw,/E) -
(d?/L3)] (when #cw, is the optical phonon energy, E is the
maximum energy an Auger electron can lose and still be able
to surmount the hetevobarrier, and Lp is the electron mean
free path). Due to the uncertainty in Lp and the availability
of experimental data on carrier heating effect, the former is
chosen. The results of 7, 't 300 K from [12] have been used
and the electron temperatures at various lattice temperatures
(T;,) are estimated from the expression

Cchcc (TL )
Cchcc (3 OO)

Thus, it is implicitly assumed that the hot carriers are gen-
erated by the Auger process.

Results of the calculation are presented in Figs. 2-4. Fig. 2
shows the calculated ratio of Jp/J, in an LED with d = 0.15
um, L =0.3 um at various temperatures under three different
injection conditions. The triangles are experimental data from
[2]. For AE, = % AE,, reasonable agreement can be obtained
by taking Ny, =4.6 X 1017 em™3 and Ny, =14 X 1017 cm™3,

Te(T1,) = T,(300) (12)
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Fig. 3. Calculated electron leakage current versus total injected current
for different P-InP doping levels and different discontinuities (AE )
in the conduction band.
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Fig. 4.

The dashed line denotes the ratio of J,/J, when carrier heating
effects have been neglected. Note that the temperature de-
pendence of J,/J, remains the same when (12)is used. Fig.3
shows the calculated effect of doping and discontinuity on the
magnitude of leakage current in a 1,2 um laser with d = 0.2 um
and L = 1.5 um. It is apparent that in order to minimize leak-
age, the cladding layer could be heavily doped or a graded
junction be grown to smear the “spike” at the interface. There
is a slight discontinuity in slope at Ji,. However, for larger
leakage currents, the change in slope is very small and insignifi-
cant. Fig. 4 depicts the effect of leakage current on the 7', of
the laser. The influence of the P-doping is again conspicuous.
The general trend is in agreement with the experimental re-
sults of Ng et al. [6] and Mito et al. [22].

In lasers, as a comparison, for AE, = -%,— AE,, Nyq =5X 10"
cm™3, and Ny, =2 X 1017 cm™3; the ratios of J,/Jie; at an
ambient temperature of 290 K for 1.2, 1.3, and 1.5 um devices
are estimated to be 22,11, and 4 percent, respectively, when
carrier heating effects [12] are taken into account. The corre-
sponding figures are 11, 3, and 0.4 percent when hot carriers
are absent. Thus, it can be seen that carrier heating effects
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play
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an important role in device performance, especially for

wavelengths beyond 1.3 um.
In conclusion, a model calculation for the field and hot car-

rier

enhanced electron leakage over the heterobarrier in

InGaAsP/InP LED’ and lasers has been presented. Results
reveal the importance of the doping level in the P-InP confin-
ing layer in determining the magnitude of the leakage current.

{1]

{2

(3]

{6l

(8]

REFERENCES

S. Yamakoshi, T. Sanada, O. Wada, I. Umebu, and T. Sakurai,
“Direct observation of electron leakage in InGaAsP/InP double
heterostructure,” Appl. Phys. Lett., vol. 40, pp. 144-146, 1982.

, “Effect of carrier leakage on InGaAsP/InP double-hetero-
structure light emitters,” in Proc. Int. Conf. Gallium Arsenide
and Related Compounds, 1981 Oiso, Inst. Phys. Conf. Ser.
63, p. 48S.

T. R. Chen, S. Margalit, U. Koren, K. L. Yu, L. C. Chiu, A.
Hasson, and A. Yariv, “Direct measurement of the carrier leakage
in InGaAsP/InP laser,” Appl. Phys. Lett., vol. 42, pp. 1000-1002,
1983.

C. M. Wu and E. S. Yang, “Physical mechanisms of carrier leakage
in KH injection lasers,” J. Appl. Phys., vol. 49, pp. 3114-3117,
1978.

M. Yano, H. Imai, and M. Takusagawa, “Analysis of electrical,
threshold, and temperature characteristics of InGaAsP/InP double-
heterojunction lasers,” IEEE J. Quantum Electron., vol. QE-17,
pp. 1954-1964, 1981.

W. W. Ng and P. D. Dapkus, “Growth and characterization of
1.3 um CW GalnAsP/InP lasers by liquid phase epitaxy,” IEEE J.
Quantum Electron., vol. QE-17, pp. 193-198, 1981.

T. P. Lee and A. G. Dentai, “Power and modulation bandwidth
of GaAs-AlGaAs high radiance LED’s for optical communication
systems,” IEEE J. Quantum Electron., vol. QE-14, pp. 150-159,
1978.

P. J. Anthony and N. E. Schumaker, “Ambipolar transport in
double heterostructure injection lasers,” IFEE Electron Device
Lett., vol. EDL-1, pp. 58-60, 1980.

[9] —. “Temperature dependence of the lasing threshold current

(10]
[11]
[12]
[13]

[14]
(15]
[16]
[17]

[18]

[19]

[20]
[21]

[221

of double heterostructure injection lasers due to drift current
loss,” J. Appl. Phys.,vol. 51, pp. 5038~5040, 1980.

D. L. Scharfetter, “Minority carrier injection and charge storage
in epitaxial Schottky barrier diodes,” Solid-State Flectron., vol.
8, pp. 299-311, 1965.

J. Shah, R. I'. Leheny, R. E. Nahory, and H. Temkin, “Hot-
carrier effects in 1.3-u Iny_xGayAsyP,_, light emitting diodes,”
Appl. Phys. Lett., vol. 39, pp. 618-620, 1981.

O. Wada, S. Yamakoshi, and T. Sakurai, “Band-gap enhanced
carrier heating in InGaAsP/InP double heterostructure light-
emitting diodes,” Appl. Phys. Lett., vol. 41, pp. 981-983, 1982.
J. R. Hayes, A. R. Adams, and P. D. Greene, “Mobility of holes
in the quaternary alloy In, - xGayAsyP, " Electron. Lett., vol.
16, pp. 282-284, 1980.

H. C. Casey, Ir. and M. B. Panish, Heterostructure Lasers.
York: Academic, 1978, pt. A, ch. 4.

S. M. Sze, Physics of Semiconductor Devices.
1981, ch. 5.

L. L. Chang, “The conduction properties of Ge-GaAs;_ P, n-n
heterojunctions,” Solid-state Electron.,vol. 8, pp. 721-728, 1965.
L. C. Chiu, P. C. Chen, and A. Yariv, “Interband Auger recom-
bination in InGaAsP,” IEEE J. Quantum Electron., vol. QE-18,
pp. 938-941, 1982. :
S. R. Forrest, O. K. Kim, and R. G. Smith, “Optical response
time of Iny 53Gag 47As/InP avalanche photodiodes,” Appl Phys.
Lett., vol. 41, pp. 95-98, 1982.

G. E. Stillman, L. W. Cook, G. E. Bulman, N. Tabatabaier, R.
Chin, and P. D. Dapkus, “Long-wavelength (1.3- to 1.6-um) de-
tectors for fiber-optical communications,” JEEE Trans. Electron
Devices, vol. ED-29, pp. 1355-1371, 1982.

W. R. Frensley and H. Kroemer, “Theory of the energy-band
lineup at an abrupt semiconductor heterojunction,” Phys. Rev. B,
vol. 16, pp. 2642-2652,1977.

L. C. Chiu and A. Yariv, “Comments on the nature of electron
leakage in InGaAsP/InP double heterostructure,” Japan. J. Appl.
Phys.,vol. 21, pp. L305-L306, 1982.

. Mito, M. Kitamura, K. Kobayashi, K. Kobayashi, and R. Lang,
“High T, and high temperature CW operation in InGaAsP DC-
PBH LD,” presented at 8th IEEE Int. Semicond. Laser Conf.,
Ottawa, Ont., Canada, 1982, Paper 28.

New

New York: Wiley,




