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We report the determination of pressure coefficients between—for ordered and disordered GalnP samples
measured in the same diamond anvil cell experiment at 10K. Results are compared to measurements using
substrate calibration and data available in the literature. Based-en-Using previous theoretical calculations
and experimental work we propose a linear model based on the band-gap reduction with ordering to cal-
culate pressure coefficients. To date this is the only available method to quantifying this change. All lay-
ers measured were grown nominally lattice matched to GaAs.

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Introduction

__GalnP lattice matched to GaAs is important for wvisible-solid state devices_operating in the visible
region of the electromagnetic spectrum. Determination of fundamental parameters is essential for opti-
mal device design and modelling [1], however the effects of long-range ordering complicate this system
*(in_what way, give some details)*. In III-V ternaries, the Oordering ofr the group III sublattice can
double the unit cell, halving the Brillouin zone and folding the electronic states of the L point back onto
the I' point. This folding repels like-symmetry states resulting in a lowering of the conduction band I"
state. The degree of ordering is often expressed statistically by an ordering parameter 1 with 0 being
totally disordered and 1 being alternate monolayers of GaP and InP stacked along one or both of the two
possible [111]B variants. This CuPt ordering alters the materials electronic properties giving an order
dependent band-gap reduction (AEggr) and valence band splitting (AEygs). It is well known that under
certain growth conditions GalnP grown by metal-organic-vapour-phase expitaxy (MOVPE) on [001]
orientated GaAs substrates can form a partially ordered alloy with a maximum reported value of AEggr
of 160meV [2]. Tilting the substrate toward one of the [111]B variant directions can enhance one order
variant and suppress another. All data reviewed in this paper is from similar double variant ordered sam-
ples nominally lattice matched to GaAs. It is also possible to create quantum wells and superlattice struc-
tures by modulating the ordering with no change in material composition [3].

_ Franceschetti er al. [4] calculated the pressure coefficients of optical transitions in (111) and other
GaP/InP ordered superlattices using ab initio methods. They suggested the use of the jnz rule” of [5] to
interpolate between their calculated values for-n=0-and-f=1-of 8.2meV/kbar and 6.4meV/kbar for n=0
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and 1n=1. respectively. Variation in sample growth conditions and composition along with a lack of con-
sistent characterisation tend. however. to make sample comparison difficult. The maximum value of
AEggr has been reported as 0.471 eV [6] but this value and the validity of the n2 rule are questioned
closely in [7]. The best fit to the current experimental data is found in [7] to be that proposed by [8] and
gives a maximum value for AEggg of 0.223eV. Kippenberg et al. [9] showed by electroabsorption that
AEggr is not due entirely to the shift in the conduction band, but that 22% of it comes from the valence
band maximum being shifted up with ordering. They were able to apply exact linear fits against AEggg to
the absolute band structure data measured. This method was also successfully used for the position of the
X minima determined in our previous paper [10]. All these results would seem to suggest that the pres-
sure coefficient dependence on ordering of [4] would be better interpolated using a linear fit against
AEggr from 0 eV (N=0) to 0.223 eV (n=1).

__A decrease in the pressure coefficient with increasing order has indeed been reported by many au-
thors, but there has to date been no attempt at comparison to quantify this change. Ignoring growth dif-
ferences for the moment such comparisons would rely on fitting data from separate experiments and
would be influenced by the pressure calibration in each. By measuring samples with different degree of
ordering together [11], or by using substrate emission calibration, errors can be reduced and relative
values determined. We report the determination of pressure coefficients between GalnP samples meas-
ured in the same diamond anvil cell (DAC) experiment at 10_K. The samples were from the same
growth facility. We then examine these results against consistent data sets in the literature and our re-
cently published work for other layers [10] using substrate calibration. All reported nominally lattice
matched data at 300 K and below 25 K is then examined. A proposed method for calculating change
based on our above discussion for [4] is given.

_ To calculate AEggr values the band-gap of completely disordered material is taken to be 2.01 eV at
4.2K and 1.91 eV at 300K from [12], no value is given for 77K. DeLong et al. [12] used a large number
of samples from a range of growth techniques coupled with double crystal X-ray diffraction (DXRD)
measurements and annealing to determine these values.

Experiment

__The two GalnP samples investigated were grown by conventional MOVPE on Si-doped (001) GaAs
substrates. The GalnP each layer was approximately 1pum thick and nominally undoped. The degree of
ordering in each sample was obtained by using different growth temperatures and substrate misorienta-
tions [10]. Double crystal X-ray diffraction (DXRD) showed lattice mismatch for both was < 0.1%. At
10K photoluminescence (PL) linewidths of less than 10 meV with energies of 1.945 eV (AEpgr=0.055
eV) and 1.893 eV (AEggr=0.107 eV) for the disordered and ordered samples, respectively, were ob-
tained. This amounts to an initial energy separation (AE) between the samples of 52 meV.

__The samples were thinned to 30_um, then cleaved and loaded together along with a a-similarprepared
ruby chip into a diamond anvil cell. Argon was used as the pressure transmitting medium and pressure
was calibrated using the substrates sample-emission [13], cross referenced to standard ruby fluorescence
[14]. PL was excited using the 488 nm line of an Ar* laser and high-pressure PL measurements were
performed at 10 K.

Results and discussion

Fig. 1 shows the how the PL of both samples shifts to lower wavelength (higher energy) with increasing
pressure, the determined pressure coefficients are 8.2 meV/kbar and 7.4 meV/kbar for the disordered and
ordered layers respectively. This data may be plotted against pressure but by plotting against each others
energy [11] errors in the pressure calibration can be ignored and relative values determined. Fig.2 shows
the data plotted in this way. Fitting the gradient of this line. we obtain a value for the relative energy
shifts of these two samples to be 0.9030 + 0.0196. We now assume for the time being that this ratio
changes linearly with AEggR, to obtain a formulae for pressure dependence change with relative band-
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gap reduction (AE) between samples, we estimate error in this calculation and see how the results com-
pare to our previous data sets and those in the literature.
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Fig. 1 Typical PL spectra under pressure for both Fig. 2 PL Peak energies for the two samples plotted
samples measured together in the DAC. against each other. Determined gradient is given.

Assuming an error of +0.01 eV in the determination of the value of AE the relative change in pressure |
coefficient with AE would be given by:

dE dE
d—P(AE) = d—P(AE =0)(1—((1.886 £ 0.449)AE)) (1)

wWhere a positive value of AE is used for the decrease in band-gap from one sample to the other. The |
value of error in AE may be an overestimate, but is used since an exact measure of the lattice mismatch
for the two samples measured in this work is not known.

To test the validity of this equation, we need to compare available data where pressure coefficients
and starting energies of two or more samples are given. Where possible PL data should be corrected for
lattice mismatch strains from DXRD data as well as exciton binding energies when measurements are
taken at low temperature. To determine mismatch corrections we assume layers are fully strained and
calculate the strain-induced shifts of the direct band-gap needed to reach lattice matching from [12]. The
lattice-matched composition with GaAs is x = 0.52 at 2 K and 0.515 at 300 K [15]. The data sets that
can be corrected are [10] at 2 K and those of Dong et al. [16] at 300K (solid points in Fig. 3). We also
use the uncorrected data from [17] (431 K) and [18] (77 K), the latter can be used without knowledge of
the band-gap for completely disordered material at this temperature since we plot energy differences
between samples and ratios only. Data from [19] is not used since the two samples measured were not
from the same growth method. Fig. 3 shows the pressure coefficient ratios of these four data sets (ratio is
more ordered sample coefficient divided by that of the more disordered samples) plotted against the
energy difference between samples from the same source. The solid line is plotted from equation (1) with
the dashed lines showing the determined maximum error. A linear fit to the six data points with the Y-
intercept fixed at 1 gives a line indistinguishable to that of the solid line. The measurement error in [10]
is the only reported error and is shown as a vertical line in Fig. 3. The use of equation (1) appears to give
a good fit to the available data sets.
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Fig. 3 Pressure coefficient ratios from various sources
plotted against relative band-gap reduction (see text).
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We now consider all the available pres-
sure coefficient data (sets and individual
points) in the literature at room tempera-
ture and below 25 K (but not 77 K) fro
samples that are grown nominally lattice
matched. We plot the quoted pressure
coefficients against the value of AEggr
determined from the energy difference
from completely disordered material
[12]. Fig. 4 shows a plot of all data (16
points), solid data points have been
corrected for strain as described earlier.
The only assumption made in Fig. 4 is
that the absolute value of the 300 K
band-gap determined by absorption [20]
is offset to a lower energy to match our
300 K disordered value of 1.91 eV, such
an offset is suggested in the paper.

The data from this-current-paper-the

present work (open circles) also in-
cludes one extra point measured from
another sample in a separate experi-
ment. Whilst there is a large scatter in
the data it seems clear that there is a
definite trend and the large number of
points allows a linear fit. The dashed
line in Fig. 4 shows a fit to all the data
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Applying equation 1 to our most disor-

Fig. 4 Pressure coefficients from various sources plotted ;
dered sample we obtain:

against band-gap reduction. Dashed line is linear fit whilst
solid line is obtained using equation 1.

Z—i (AEBGr) =9.054 —15.471AEscr

3)
And-Tthis is plotted as a solid line on Fig. 4 (again almost indistinguishable). Separating the low and
high temperature data sets does not affect the result of equation 2 greatly.
_Using equation 1 to determine the pressure coefficient at AEggr= 0.223 eV relative to our measured
point at AEggr= 0.055 eV we obtain a value of 5.6 + 0.6 meV/kbar. This value agrees well with those
calculated by [4] for a totally ordered layer and is close to the averaged value of the I" and L minima
pressure coefficients (about +9 and +4 meV/kbar respectively). Similarly using a value of AEggg = 0.471
eV we would obtain a pressure coefficient of 1.8 + 1.5 meV/kbar which is a value less than that of the L
minima and far below that of the I".
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Conclusions

Using high pressure PL at low temperature on GalnP samples nominally lattice matched to GaAs and
measured in the same DAC experiment we have been able to determine a value for the change in pres-
sure coefficient with relative band-gap reduction (AE). The change appears to be linear with AE and this
is backed up by comparing trends in our previously reported experimental work [10] and available data
sets in the literature. Fitting all the available pressure coefficient data to the absolute band-gap reduction
AEggr we have also found excellent agreement with equation 1. Based on this linear approach, our pre-
dicted pressure coefficient at the proposed maximum AEpgg compared to the theoretical work of [4]
would seem to back up the proposal of [7, 9] of a maximum AEpgr value of 0.223 eV against earlier
higher values [6].

Without a study of layers from different growth techniques coupled with consistent characterisation the
current results present the best and only determination to date of the effects of ordering on the pressure
coefficient of GalnP nominally lattice matched to GaAs. We propose a relative determination between
samples from equation 1. Using the band-gap values for perfectly disordered material from [12] to calcu-
late AEggr equation 3 may also be used to determine best suggested absolute values.

Whilst the nature of and the characterisation of this material system makes exact calculations for indi-
vidual samples difficult, we believe we have identified trends in the system and presented a proposed
model for determining these values which is in good agreement with current measured data.
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