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The Franz–Keldysh effect in shocked GaN:Mg
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The band gap of uniaxially strained semi-insulating GaN:Mg has been examined using
time-resolved optical transmission measurements in shock-wave experiments. For longitudinal
stresses between 2.9 and 4.6 GPa, the absorption edge broadened significantly. Such a broadening
is consistent with the presence of large piezoelectric fields~Franz–Keldysh effect! generated due to
shock compression. For stresses greater than 4.6 GPa, however, the absorption edge remained
relatively sharp. The sharp absorption onset suggests the presence of free charge carriers that screen
the piezoelectric field, thereby suppressing the Franz–Keldysh effect. These observations indicate
that electrical breakdown occurs at a field of 1 MV/cm. One possible mechanism that could result
in free carriers is the dissociation of Mg–H complexes under the very high piezoelectric fields.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1563837#
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Efficient p-type doping of GaN is important for the de
velopment of wide-band-gap electronic and optoelectro
devices. For III–V nitrides, the most commonly used acc
tor dopant is Mg. However, due to compensation by ba
groundn-type defects and the passivation of Mg by hydr
gen, GaN:Mg epilayers grown by metalorganic chemi
vapor deposition~MOCVD! are semi-insulating. Amano
et al.1 found that GaN:Mg can be converted intop-type GaN
by a low-energy electron-beam irradiation treatment. La
Nakamuraet al.2 showed that thermal annealing could al
activate the Mg acceptors. Several experiments3–5 have dem-
onstrated that the injection of minority-carrier electro
greatly enhances the activation process. More recently,
eral groups6–10 reported that enhanced Mg doping efficien
could be realized in AlGaN/GaN superlattices. An avera
hole concentration of over 2.531018 cm23 at room tem-
perature was measured,10 more than ten times that obtaine
in bulk GaN layers. One possible explanation for this hi
hole concentration is that piezoelectric~PZE! fields increase
the electrical activity of the relatively deep Mg acceptors
the superlattices.

While the activation of Mg acceptors is of technologic
importance, the role of PZE fields on the activation proc
is difficult to ascertain. To address this question, we inve
gated the time-resolved optical absorption properties
GaN:Mg films under shock loading. Due to the PZE effec
large electric field should be produced along thec-axis dur-
ing shock compression. Hence, shock compression is an
cellent experimental probe to study the activation
hydrogen-passivated Mg due to PZE fields.

Samples used in this study were 4-mm-thick GaN:Mg
epilayers grown on ac-cut, 420-mm-thick sapphire substrat
by MOCVD. The layers were doped wit
;1020 Mg atoms/cm3 and were semi-insulating as grow
Light from a xenon flashlamp passed through the impac
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(c-cut sapphire!, sample~with sapphire substrate facing th
impactor!, and buffer back window (c-cut sapphire!.11 The
light was collected by a fused silica lens and focused into
optical fiber. The transmitted light was spectrally dispers
by a spectrometer and temporally dispersed by an electr
streak camera. The output was recorded on a CCD dete
as a series of transmission spectra, each separated in tim
20 ns. The shock waves were generated by projectile imp
where the projectile and the impactor were accelerated to
desired velocity using a light-gas gun. The applied str
along thec-axis ranged from 2.89 to 13.7 GPa. The pe
stress reached in the GaN layer was maintained for appr
mately 130–270 ns, depending on the size of each sam
All experimental data were collected within this time win
dow. Details of the experimental setup may be seen in R
11 and 12.

The experimentally measured absorption spectra of
GaN:Mg samples before~dashed lines! and after~solid lines!
shock compression, for different peak stresses, are show
Fig. 1. We took the shocked absorption spectrum to be
one recorded 120 ns after the shock wave arrives at the G
layer. The absorption coefficients were determined using
expression

a5 lnS I 02I b

I 2I b
D /d, ~1!

where I is the transmitted intensity of the GaN:Mg samp
recorded during the shock,I 0 is the intensity transmitted
through a sapphire reference sample,I b is the background
intensity recorded with the streak camera shutter closed,
d is the thickness of the GaN:Mg film. Only the tail region
the band edge absorption (a,0.53104 cm21) could be ob-
served, due to the thickness of the GaN epilayer. The flat
of each spectrum on the high energy side is an artifact cau
by the limited dynamic range of the recording system. T
band-gap threshold, indicated by the arrows in Fig. 1, w
defined as the energy at which the first derivative of
5 © 2003 American Institute of Physics
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absorption spectrum reaches a maximum. From Fig. 1, it
be seen that the band-gap threshold shifts to higher en
with increasing stress~except the one at 3.84 GPa!. The
band-gap shift is approximately 25 meV/GPa, in good agr
ment with the shift measured in undoped (n;1017 cm23)
GaN.12

In the presence of an electric field, the optical absorpt
edge of direct band-to-band optical transitions in semic
ductors broadens and shifts towards lower energy~Franz–
Keldysh effect!. At photon energies below the zero-fie
band gap, the absorption coefficient assumes an asymp
form of the Franz–Keldysh shape13

a;expS 2C0uE2E0u1.5

F D , ~2!

whereE is the photon energy,F is the electric field strength
and C0 and E0 are constants. However, Dowet al.14 and
Blossey15 pointed out that exciton effects must be taken in
account, leading to an optical-absorption coefficient given

a;expS 2C08uE2E08u
F D , ~3!

whereC08 andE08 are constants. In order to determine whi
model is more applicable, the experimental absorption co
ficient a was plotted as a function of photon energyE in a
logarithmic scale~Fig. 2!. The linear relationship of lna ver-
susE in Fig. 2 shows that the model of Dow and Bloss
@Eq. ~3!# provides a good description of the absorption co
ficient.

The slope of lna versusE before and after shock com
pression is denotedSbef and Saft , respectively.Sbef varied
somewhat~68%! from sample to sample. The spread in va
ues may be due to variations in film thickness, post-grow
cooling rates, and defect density across the wafer. These
tors can affect the in-plane biaxial strain or hydrosta
strain16 retained by the film after deposition, resulting in d
ferent band-gap shifts and PZE fields. In order to elimin
these effects, the slope ratioSaft /Sbef, as shown in Fig. 3,
was used to characterize the broadening of the band-gap
sorption caused by shock compression. The slope ratio

FIG. 1. Absorption spectra of GaN:Mg thin films before~dotted lines! and
after ~solid lines! shock compression to different longitudinal stresses.
rows indicate the band-gap threshold of shocked GaN:Mg.
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hibits different behavior fors33,4.6 GPa ~stage I! and
s33.4.6 GPa~stage II!. As discussed later, this behavior ca
be explained by the screening of PZE fields.

Below the Hugoniot elastic limit of the material, plane
wave shock loading will give rise to uniaxial strain,e11

5e2250 ande335s33/C33, wheree i j and s i j are compo-
nents of the strain and stress tensors, respectively, andCi j

are the elastic constants. Under uniaxial strain, the ma
tude of the PZE field produced along thec-axis is given by

F5
e33s33

ee0C33
, ~4!

where e33 is a piezoelectric constant,e is the c-axis static
dielectric constant, ande0 is the permittivity of free space
Alternatively, the field may be expressed as

F5
~2d31C131d33C33!s33

ee0C33
, ~5!

wheredi j are the piezoelectric constants that relate polari
tion to stress. From these expressions, it is apparent tha
strain-induced PZE field increases with stresss33. The re-
sults for undoped GaN~dashed line in Fig. 3!, which show a
broadening of the absorption threshold that increases mo
tonically with stress, are in qualitative agreement with E
~4!. However, the present results for semi-insulati
GaN:Mg ~solid line in Fig. 3! are consistent with an abrup
decreaseof the electric field at a stress of 4.6 GPa. Th
phenomenon indicates a strong screening of the PZE fiel
stage II.

According to Eq.~4!, the PZE field produced at 4.6 GP
is 0.94 MV/cm using the following parameters:C135106
GPa,17 C335398 GPa,17 e510.1,18 and the calculated value
e3350.73 C/m2.19 From Eq. ~5!, the field is 1.28 MV/cm,
using the experimental valuesd31521.7310210 cm/V20

and d3353.4310210 cm/V.21 At such a high PZE field, the
Mg–H complexes may dissociate, resulting in free ho
from the activated Mg acceptors. These holes would th
screen the PZE field. It should be noted that wurtzite G
does not have any structural transition at pressures less
37 GPa.22 Furthermore, continuum measurements

-
FIG. 2. Absorption coefficient of GaN:Mg samples as a function of pho
energy before and after shock compression. The solid lines are linear fi
the data.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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shocked GaN do not show any evidence of inelastic de
mation for the range of stresses considered here.23 Hence, the
most likely explanation for the abrupt change in the ba
gap absorption profile is the activation of Mg acceptors
large stresses.

In conclusion, the optical absorption properties of sem
insulating GaN:Mg have been studied under uniaxial str
conditions through plate-impact shock-wave experime
The band-gap profiles of shocked and unshocked mat
are consistent with the theoretical model of Dow and Bl
sey. Our results point to a decrease of the PZE field
longitudinal stresses larger than 4.6 GPa. This phenome
may be explained by the dissociation of Mg–H complex
which results in free holes that screen the PZE field. It w
determined that electrical breakdown occurs at a field of
proximately 1 MV/cm. In future work, it should be possib
to test this value using electrical measurements in shoc
GaN:Mg.

FIG. 3. Measured slope ratioSaft /Sbef as a function of shock stresse
Circles denote results from semi-insulating GaN:Mg, while triangles
from undoped (n-type! GaN. The slope ratios are inversely proportional
the broadening of the band-gap absorption threshold caused by s
compression.
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