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Emission characteristics from GaAlAs—GaAs—GaAlAs Gunn devices of different lengths placed in
Fabry-Pérot cavities have been investigated. The emission from the device of length of 194 um is
stimulated in nature, whereas for the other two devices of lengths of 100 and 50 wm, the emission
is spontaneous. Lasing action in such devices, when biased above the threshold of negative
differential resistance, arises from the band to band recombination of impact-ionized nonequilibrium
electron hole pairs created within the propagating high field Gunn domains. Quantitative results
evaluated using nonequilibrium semiconductor-statistics show that reduction in the length of the
device leads to (a) a shift of the gain peak towards higher energies and (b) an increase in the average
nonequilibrium carrier temperature. As a result, lasing in very short devices is inhibited and only
ultra-bright-spontaneous emission is observed. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2409311]

I. INTRODUCTION

Spontaneous light emission from propagating high field
domains in a long (L=1 mm) GaAs Gunn device was first
reported by Southgate.1 Southgate also showed that when the
pulse current through the device (0.5 mm length) was only
slightly above the critical value for ionization, the spectrum
of the recombination radiation was essentially that of spon-
taneous emission and when the pulse current was increased
gradually, a threshold level was reached where the spectrum
showed large erratic spikes (stimulated emission) in the
output.2 Gelmont and Shur’ and Sudzilovskii* studied the
correlations for stimulated emission concluding that the
population inversion of excess carriers can be reached in
Gunn diodes with lengths of L=0.5 mm, irrespective of the
doping (background) electron density, when the applied field
is about 12-fold excess over the Gunn effect threshold field.
Arutyunyan and Valrosyan5 calculated the effect of electron
density and the length of the device on the stimulated emis-
sion conditions. Recently, we have shown that the spontane-
ous emission characteristics from Gunn devices are con-
trolled by the applied field, temperature, and device
dimensions,*’ and also predicted that spontaneous emission
from GaAs Gunn device may evolve into stimulated emis-
sion when it is placed in a Fablry—Pélrotg’9 or vertical
microcavity.m The operation of a Fabry-Pérot and vertical
cavity surface-emitting (VCSE) Gunn lasers has been dem-
onstrated recently.11 In the Fabry-Pérot lasers the length of
the Gunn device was varied from 213 pum to 1 mm.

In this paper, our aim is to study the emission character-
istics from the Gunn devices with cavity lengths shorter than
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those studied previously to establish a threshold cavity
length required for enough gain without significantly disturb-
ing the nonequilibrium carrier distribution by excessive car-
rier heating.

Il. EXPERIMENT

The Fabry-Pérot devices used in the experiments are
grown by metal-organic chemical vapor deposition
(MOCVD) on a semi-insulating GaAs substrate and consists
of an n=4.8X%10"7 cm™ doped GaAs active layer
(thickness=1 um) sandwiched between the Al,Ga;_ As (x
=0.32) waveguiding (WG) layers. The details about WG
layer and device structure together with contact configuration
are shown in Fig. 1(a).Modified “dumbbell” shape [Fig. 1(b)]
samples were used for the investigation as they were found
to be more stable at high fields.” The samples with 194 um
in length were cleaved and the rest of the samples were dry-
etched perpendicular to the current flow direction to define
two mirror facets. No reflective coating was used on the
facets. Three devices having dimensions (length X width) of
194 % 200, 100 X 20, and 50 X 20 um? were investigated.

FIG. 1. Schematic diagram of a modified dumbbell Gunn device (a three-
dimensional view).
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The devices were placed onto ceramic holders for good
electrical insulation and mounted on a copper heat sink in a
liquid nitrogen cryostat with optical windows. In order to
minimize Joule heating, voltage pulses of duration of 80 ns
were applied along the devices with a duty cycle of 8
X 107~1.5 X 107*. The applied electric field was determined
from the voltage drop between the electrodes. The current
through the devices was determined from the voltage drop
across a 50 () resistor placed in series with the device. The
emitted light from the device was collected by an antireflec-
tive lens and dispersed using a 1/3 m monochromator
(Bentham, M300EA, 830 grooves/mm) and was detected us-
ing a cooled GaAs photomultiplier (Hamamatsu, R1767).
The data were averaged and captured using a digital oscillo-
scope (Tektronix, TDS 2012) with a bandwidth of 100 MHz.
All the measurements comprising of current density—electric
field (J-F) characteristics, electroluminescence intensity—
electric field (L-F) characteristics, and electroluminescence
(EL) spectra were carried out at 90 K.

lll. RESULTS

EL spectrum for the device of length of 194 um together
with J-F and L-F characteristics is shown in Figs. 2(a) and
2(b). It is evident from Fig. 2(a) that emission from the de-
vice starts at 3 kV/cm and emitted power intensity increases
rapidly with increase in applied electric field. This field cor-
responds nearly to the onset of impact ionization from the
high fields of the traveling Gunn domains as also evident
from the sudden increase in the current.*® The lasing spec-
trum of the waveguided Gunn device is plotted in Fig. 2(b)
for an applied electric field of 3.8 kV/cm with pulse width of
80 ns. The dominant mode is accompanied by some other
modes.'* The wavelength for the dominant mode is 845 nm
and the half width is about 0.7 nm (the resolution of the
monochromator). The lasing action arises from the recombi-
nation of nonequilibrium electrons and holes produced by
impact ionization within the traveling high field domain. It is
important to note that when the applied field or the pulse
width or the temperature was increased, then the emission
spectrum shows erratic mode jumping behavior due to Joule
heating of the device. In our setup we used a ceramic holder.
For stable operation it is important to improve on the thermal
management.

The EL spectrum for the device of length of 100 wm is
shown in Fig. 3. This spectrum shows that the emission is
spontaneous in nature and the full width at half maximum
(FWHM) is 50 nm. The EL spectrum for the device of length
of 50 um is shown in Fig. 4, which also shows that the
emission is of spontaneous nature and the FWHM is 46 nm.
We increased the pulse width up to 120 ns but still the emis-
sion was spontaneous. The EL emission intensity increased
with increasing the applied electric field, and some spectral
narrowing was observed for these two devices but no lasing
spikes were observed. This narrowing may be associated
with self absorption and cavity effects. Therefore, it is ob-
served that lasing occurs for the device of length of 194 um
only, indicative of the fact that the dimensions may play a
significant role for observing lasing.
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FIG. 2. (a) Current density—electric field (J-F) and top-surface electrolumi-
nescence intensity—electric field (L-F) characteristics for the device of length
of 194 um. (b) End-edge electroluminescence spectrum for the device of
length of 194 um.

IV. DISCUSSION

A. Domain dynamics and photon accumulation

In a Gunn device, a space-charge domain is nucleated at
applied electric fields beyond the negative differential resis-
tance (NDR) threshold.® The space-charge domain with a
high built-in field moves from cathode to anode longitudi-
naly across the device.'® Excess carriers are created within
the domain due to the field-induced impact ionization."* At a
given point in the device left after the transit of the initiating
domain, the excess carriers recombine at a rate correspond-
ing to the band-to-band recombination and the consecutive
domains may travel through the device and pass through the
same point creating further excess carriers.' In the derivation
of the related expressions, we assumed the following condi-
tions.
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FIG. 3. End-edge electroluminescence spectrum for the device of length of
100 pem.

(1) The initial excess carrier density is 7n.(0) and the
background doping density at any point is 7.

(i)  The sample thickness d is much larger than light
wavelength A\, therefore the interference effects of the
light due to inner reflections are negligible.

(ili)  The excess carriers are generated uniformly through-
out the sample and those that are generated during one
domain transit do not change the field distribution in
the following domain, and hence impact ionization
rate is constant for all domains in transit.

(iv)  The surface recombination is neglected and the num-
ber of traps is assumed to be negligible or there is no
differential trapping of electrons and holes, therefore
excess electron and hole densities at any given time
are equal: ng,=pe,.

~ 0.006
:‘: T7=90K
| oms Field=3.6kV/em
~ Pulse width =80 ns
s
~—
‘7 0.004
=
g

0.003 |
=
=
o 0.002
o
w
!
E 0.001 | M
m WV/\'\/\-/‘A

0

740 7&0 'x';i() 8(|)0 8’|20 8:1.0 8%0 81[30 9(|)0 920
Wavelength, A(nm)

FIG. 4. End-edge electroluminescence spectrum for the device of length of
50 pm.

J. Appl. Phys. 101, 013110 (2007)

By using a few well-known e:quations,15 we can quantita-
tively derive a survival ratio of the excess carriers. The sur-
vival ratio R, at a given point A along the device is defined
as the ratio of the excess carrier to the intrinsic carrier den-
sity during one domain transit and reflects the excess carrier
accumulation.

_ ne(t>1)

=) ()

where n,, is the excess carrier density and 7, is the domain
transit time. We do this by calculating the time dependence
of the excess carrier density. The time-dependent excess car-
rier density is as follows:

Ny =Nex(0) At t<t,, (2a)
dney Nex (1> (2b)
“ex__lex .

dt T !

where n.,(0) is the initial excess carrier density generated by
impact ionization for the first domain transit and 7 is the
recombination lifetime. Equations (2a) and (2b) represent the
initial condition and the rate of change of excess carrier den-
sity, respectively. Equation (2b) solved at a time ¢, is

nex(tlr) = nex(o)exp<_ L:) . (3)

Therefore, Eq. (3) represents the transient carrier density af-
ter the transit of the first domain and when second domain
arrives at the point. The bulk recombination rate U depends

nonlinearly on the excess carrier density. U can be written

16
as

U=A(n-ng) + B(pn — pong) + C,(p°n — Pono)
+ C(pn® = pony), 4)

where n=ny+n., and p=pg+pe,. 1y and p, indicate the back-
ground electron and hole densities, respectively. From our
assumption n1.,=p.,. It allows Eq. (4) to be simplified to

U= Aney + B(pg + g + Nex) ey
+ Cp(P + 2Poitex + M ey
+ Cp(1] + 2ngMey + 1o )y (5)
The recombination lifetime is defined as
T=n./U. (6)
From Egs. (5) and (6), 7 becomes
7= [A+ B(po + 1y + ey) + Colph + 2p0/1ey + 10, 7)
+ Gy + 2ngney + 1, )1 (7)

The second term, indicating the radiative recombination life-
. - 17
time 7, 1S

7,=[B(pg+ng+ne) ™', (8)

where the radiative recombination coefficient is B=2.1
X 107 cm?/s at T=90 K,'® the background hole density is
Po=1.79x10° em™," and the background electron density
is n9=4.8 X 10'7 cm™. In the calculating 7, value, we simply
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TABLE 1. Survival rate of excess carriers calculated with the recombination
time 7=5X 1071 s at T=90 K.

Device length  Transit frequency Domain transit time Survival rate of

L (pm) fr=v,/L (X10° Hz) ty=1/fr (ns) excess carriers S
194 1.3 0.76 0.16
100 2.6 0.39 0.39
50 5.1 0.2 0.62

00K Ny =y (;=6.7 X 10'7 cm™, where ne,q, is the excess
carrier density at lasing threshold at 90 K, as described in the
next section. In fact, 7, will depend strongly on n., which is
time dependent making the theory difficult to handle analyti-
cally. From Eq. (8) the radiative recombination lifetime at
90 K is then calculated to be 7,=5Xx 10710 s,

The domain transit time, 7, in Eq. (3), is given by

ttr=L/vd’ (9)

where L is the length of the device and v, is the saturation
electron drift velocity. (For our samples these values are L
=50, 100, and 194 um and v,=2.556X10" cm/s at F
=3.8 kV/cm at T=90 K). The saturation electron drift veloc-
ity was obtained by the Monte Carlo method as described by
us elsewhere.*’ Substituting the domain transit time into Eq.
(3) we finally evaluated survival ratios [7.,(t>1,,)]/n.(0) of
Eq. (1). Tt is noted in Table I that carrier accumulation is
more effective in the case of the shorter length device.

In addition to the survival rate the impact ionization and
domain repetition are also critical in evaluating the excess
carrier density. With the assumption of a constant ionization
rate during a domain transit, the excess carrier density n, is
given by14

L
Moy = f no(x)a,dx, (10)

0

where ng, «,, and L are the background electron density,
impact ionization coefficient, and the device length, respec-
tively. For a device operated by a pulse width longer than the
domain transit time, a multiplicative factor 7, representing a
multiplication term of the domain repetition rate (f;) and the
pulse width (z,,), should be taken into account with the
survival rate of exp(~f,/7). Then ng, is given as

Ney = oLy exp(=t,/7). (11)
Above the NDR threshold, the domain field increases rapidly
with applied voltage and may exceed the threshold field for
the impact ionization, Fj;= 100 kV/cm even by infinitesimal
increase in the applied Voltage.20 Therefore it is not realistic
to determine the impact ionization coefficient by the well-
known relationship between the ionization coefficient and
electric field. Instead we use an indirect empirical method for
the determination of «, from the lasing threshold conditions.
When losses in the cavity are taken into account the thresh-
old gain required for the lasing condition, {g)y, can be ob-
tained as follows:*!
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I'{g)=a;+ (1/L)In(1/rr,), (12)

where the average internal loss of a cavity is a;~10 cm™
and the mean mirror intensity reflection coefficient for
GaAs-air interface is R=r;r,~0.32. Taking the optical con-
finement I'=1 and the cavity length of the device exhibiting
lasing in our experiment, L=194 um, we find the lasing
threshold gain (g);, =69 cm™'. Using the standard gain model
as described in the next section the threshold excess carrier
density for lasing in the sample with L=194 um is evaluated
{0 Ny (194 um)=6.7X10'7 cm™, and then the ionization
coefficient a,=4.3 cm™! from Eq. (11) at the pulse width of
80 ns and 7=90 K. For the same operation condition, the
excess carrier densities of different devices with lengths of
100 and 50 um are n., (100 um)=1.6X10"® cm™ and n,,
(50 wm)=2.6 X 10'® cm™3, respectively. Now it is clear that
the excess carrier density increases as reducing the length of
a device as expected from the change of the theoretical sur-
vival rate on the device length shown in Table I.

B. Gain of a Gunn laser

The material gain generally includes the energy uncer-
tainty of the electronic states. In order to account for the
uncertainty, the integration can be performed over all transi-
tion energies weighted by the Lorentzian line shape function
L(hvy—E,;).** E,, indicates the energy transition from the
state of conduction band to one of valence band. The gain
including line shape broadening is given by22

g(hVO)=fgmax(E2l)(fZ_fl)L(hVO_EZI)dEZI’ (13)

where the respective Fermi levels of conduction and valence
band are fo=1/[¢F1 BT 1] and f,=1/[e P2 ErAT 4 1],
E\, E,, Eg,, and Ey, are the states and quasi-Fermi levels in
the valence and conduction bands, respectively. The maxi-
mum gain g,.<(E,;) is defined by several material param-
eters as

meth 1

nsocmo2 hv,,

gmax(EZI) = |MT(E21)|2pr(E21)7 (]4)
where M(E,,) is the transition matrix element,” p,(E,;) is
the reduced density of state for the bulk GaAs,24 and n is the
refractive index. The generation of excess carriers, directly
associated with stimulated emission, inverts the carrier popu-
lation near the band edge, and changes the Fermi level dif-
ference of f>-f 1.25 The peak of the gain spectrum shifts to the
higher photon energies with increasing the excess carrier
density.26 It is because g..«(E»;) has a square root depen-
dence on energy via p(E,).

Excess carrier density n., increases with reducing the
device length L because the exponential term, i.e., the sur-
vival rate improving in a short device,”’ is dominant in de-
cision of n,, as shown in Eq. (11). The shift of the gain peak
to high energy levels in Fig. 5 means that the excess carrier
density existing at the band edge becomes smaller and hence
lasing efficiency is reduced. In shorter devices where the
domain size is comparable with the device length, the aver-
age electron temperature will be significantly higher than the
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FIG. 5. Excess carrier density dependence of GaAs gain profile at T
=90 K.

lattice temperature forcing the nonequilibrium carrier distri-
bution to higher energies and suppressing the population in-
version, as shown by us previously,28 The increase in elec-
tron temperature suggests that lack of the experimental
observation of lasing in devices with the reduced lengths,
i.e., 50 and 100 uwm, may indeed be due to the carrier deple-
tion from the lower energy states. Therefore, it is explicit that
the reduction of the length, hence higher survival rate and
excess carrier density in the whole energy band, is not by
itself sufficient to increase the gain. However significant
population inversion contributing to strong band-to-band
emission may be expected in small devices with two-
dimensional structure including a quantum well. It is due to
high excess carrier density at the band edge resulting from
steeper band edge profile of the density of state in the quan-
tum well.”

V. CONCLUSION

The emission characteristics from Gunn devices placed
in Fabry-Pérot cavity depend on the device length. For de-
vices having lengths of 200 um—1 mm, lasing has been ob-
served when the device is biased above the NDR threshold,
whereas for devices having small lengths of 100 or 50 um,
only the spontaneous emission is present at all fields. No

J. Appl. Phys. 101, 013110 (2007)

lasing sign from the devices with small lengths are confirmed
by experimental results, indicating that the electron tempera-
ture increases with reducing the device length. The improved
differential gain and physical durability of a Fabry-Pérot
Gunn device can be achieved by the design of a quantum
well structured device and heat sink, aiming at increasing
band edge excess carrier density contributing to stimulated
emission and dissipating Joule heat efficiently, respectively.
This would promise the improved lasing with strong stimu-
lated emission and high operation temperatures.
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