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AbrtracL Epitaxial, boron-doped diamond films were grown by hot~filament~asisted 
chemical vapour deposition (CvD) on {IW) and {IIO). natural diamond substrates. 
Resistivity measuremenis for 10K < T < SOOK showed a clear transition from band to 
hopping conduction upon lowering of temperature. in the band conduction regime, the 
{lo01 films had higher conductivity than the {IIO) samples. The reverse was found in 
the hopping regime. This is explained by the difference in crystal gmwth mechanisms, 
leading to higher boron concentrations and lower carrier mobilities for {IlO) samples 
than for (100) oriented films. Hall effect measurements were performed for the mm1 
lightly doped (100) film at a boron level of 2.7 x IOt8 in the band conduction 
region up to 7SOK. A mobility maximum of @H = S90cm2V-ts-' at 29SK was found, 
and the wmpensation ratio was determined to be smaller than 0.02. Some preliminaly 
values for the Hall effective mass of valence band holes are given. 

1. Introduction 

Electrical conduction in chemical-vapour-deposited (CvD) diamond films has been 
studied rather extensively. Most studies have been done for polycrystalline layers, 
both boron-doped and undoped, grown on non-diamond substrates. In this case, 
the interpretation of results is complicated by the presence of grain boundaries. 
For instance, activation energies higher than the boron ionization energy (typically 
between 0.7 and 1.OeV [l-21, and even 2.3eV [3]) have been observed in 
polycrystalline films. These high values, which to our knowledge have never been 
found for monocrystalline diamond, have been attributed to the presence of non- 
diamond carbon material at grain boundaries. Also, polycrystalline boron-doped 
films have shown much higher resistivity than homoepitaxial ones (compare, e.g., [4] 
and [SI). This effect is obviously due to carrier scattering at grain boundaries, and, 
in addition, it has been attributed to boron deactivation by clustering [6]. 

As far as we know, the only reports on electrical measurements of cvD-grown, 
homoepitaxial diamond films are [SI, [7] and [SI. In these studies, the diamond 
films have been grown by microwave-plasma-assisted CVD and have been doped 
with boron from a B,H, gas source, leading to p-type conductivity. The substrates 
used were type Ia natural diamond [SI and high-pressurebigh-temperature- (HPHT-) 
grown synthetic diamond [5,7]. The lowest room temperature resistivity reported is 

3 x 10-3Q cm at a boron concentration of 3 x l O * " ~ m - ~  [SI. In this film, metallic 
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conduction has been observed for the temperature region 300K < T < 770K The 
highest room temperature Hall mobility observed was 470 cm2V-'s-' w ith a carrier 
concentration of 2.2 x l O I 4  cmm3 [7]. Some doubt could exist, however, since the 
value of 310cmZV-'s-' is also given for the same film (table 111 in [7]). 

E P Vher  et ai 

2. Experiments 

The diamond films were grown in a conventional hot-filament-assisted CVD reactor 
using a gas mixture of 0.67% CH, in H, at 50 mbar with a flow rate of 0.3 standard 
litres per minute. The deposition time was 6 h. The substrates used were natural, 
type IIa, polished diamond plates of (100) and (110) orientation and resistivity 
> 10I6n cm. The filament temperature was 1910 O C .  Boron doping was achieved by 
heating the hexagonal BN substrate holder, which led to outdiffusion of boron into the 
gas phase. The boron content of the diamond films could be controlled by adjusting 
the temperature of the substrate holder. Eight samples, grown in four different runs 
(each containing a (100) and a (110) sample) with temperatures between 735 OC and 
915 "C, were investigated. 

The films have already been characterized using optical spectroscopy and surface 
microtopography [9]. The room temperature neutral boron concentration Ni 
(= N ,  - N, - p), as determined by infrared absorption [9], was found to vary 
between 2.7 x 10l8 and 510 x lO''cnr3. An overview of layer thicknesses d and 
concentrations N: is given in table 1. It is seen that both the growth rates and the 
neutral boron concentrations are higher for (110) films than for {loo} ones from the 
same run. 

Table 1. layer thickness d and neutral bomn concentration N i  a1 mom temperature 
for eight homoepitaxial diamond films, grown in four runs (numbered HF-I, HF-2, HF-3 
and HF-5, as in 191). All bomn concentrations were determined using the infrared 
absorption of the one-phonon band (see [9] for funher discussion). The error in layer 
thickness is 5-10%. At small concentrations, the errors in N i  are mainly caused by the 
overlap of the weak one-phonon absorplion wilh the inlerference paltem in the infrared 
absorption SpeClNm. For high concentrations, the one-phonon absorption merges with 
the broad-band acceptor transition. which is then the main source of error. 

Sample d (pm) A'; ( l O ' * ~ m - ~ )  
~ ~~ 

HFJ(1M) 1.5 2.7 * 0.7 
HF-2Wll 1.2 5.?*2 .8  
HF-l(lMj 0.9 1 9 * 5  
HFJ(IMI 21 59 j: 6 
HF-3(1 IO) 7.4 1 8 r t l  
HF-Z(110) 5.2 15*4 
HF-I(I10) 3.9 47 * 3 
HF-5(110) 5.7 510* 130 

Electrical conductivity measurements using the van der Pauw configuration were 
done for 10K < T < 500K in a liquid-He-flow cryostat. The minimum temperature 
that could actually be used for each sample was limited by the film resistivity and 
the signal-to-noise ratio of the measurement equipment. For the layer thicknesses 
and lateral dimensions (typically 3-4 mm) of the samples investigated, the practical 
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resistivity limit was of the order of IO5 R cm. This led to lower limits in temperature 
ranging from = 10K for the most heavily doped sample HF-5(110) to = lOOK for the 
lightly doped ones. The settings of the current source ranged from 1 p A  to lOmA, 
at the corresponding voltages from 1 mV to 100mV. 

The metal contacts, consisting of sputtered Ti/€'t/Au layers, showed ohmic 
behaviour in all cases. The contact size was kept as small as possible (typically some 
tenths of a millimetre) and was in the worst case 20% of the distance between the 
contacts. Such a finite contact size could lead to systematic e r m s  in the conductivity 
values of at most 10% [lo]. In view of the uncertainty in layer thickness, the total 
systematic error in conductivity could be = 15%. 

Carrier concentrations and mobilities were determined by Hall effect measure- 
ments at B = 0.6 T for the most lightly doped sample HF-3(100) in the temperature 
range 230K < T < 750K For increased accuracy, this sample was laser-cut into a 
clover-leaf shape and again the van der Pauw configuration of contacts was used. 
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Figure 2. Activation energies for the band 
conduction region (El )  and the hopping region 
(E,) as a function of the room temperature neutral 
bomn concentration N i .  

3. Experimental results 

The results of the conductivity measurements for l lOK < T < 500K are shown 
in figure 1. Ekcept for the most heavily doped samples of the run HF-5, a clear 
difference in activation energy between high- and low-temperature regions can be 
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noted. Depending on the dopant content and crystallographic orientation, the 
transition occurs at temperatures between 225 and 310K In figure 1, the presented 
data are limited to temperatures > llOK The lower-temperature data, which are 
available for the samples of runs HF-1 and HF-5, will be given in figure 7 and 
discussed in section 4.3. 

In view of the different activation energies, it is natural to consider hvo conduction 
mechanisms and accordingly express the conductivity U as 

with E3 < E, (the subscript 3 has been chosen in accordance with [ll]). Such sharp 
transitions in activation energy upon lowering of temperature have been observed 
in other semiconductors [12,13] and have been attributed to the change from band 
to hopping conduction. In the next section this will be discussed further; we shall 
be using the terms 'hopping conduction' and 'band conduction' for the low- and 
high-temperature regimes, respectively. 

The energies E, and E3 were determined by exponential fits to the data of 
figure 1 in both temperature regions. For the heavily doped samples (run HF-5), 
where no clear transition temperature was observed, only E3 was calculated for the 
interval starting at T = 220K down to the lowest data point in the figure. The results 
are shown in figure 2. 

The carrier concentration p for the most lightly doped sample HF-3(100) at 
temperatures 230K < T < 750K is shown in the lower part of figure 3. The 
experimental values are indicated by squares. live additional plots of the same 
data set, shifted by constant vertical distances, have been added in the figure. 
This was done in order to obtain a clear presentation of the theoretical fit curves 
which will be explained in section 4. The room temperature carrier concentration is 
p(293 K) = 1.32 x 10'4cm-3. In calculating p from the measured Hall coefficient, 
R, = r / p e ,  the Hall factor T was assumed to be unity. 

The temperature dependence of the Hall mobility p,, calculated through U = 
p e p H ,  is shown in figure 4. The maximum value of 590cm2V-k1 is found at 
T = 295K. Assumption of a power law p - T', where K is the mobility index, yields 
nlDw = 2.2 and K , , ~ ~ ~  = -2.8 for the low- and high-temperature limit, respectively. 

4. Discussion 

4.1. Band conduction 

The normal conduction mechanism in a p-type semiconductor is the motion of valence 
band holes thermally excited from one or more acceptor levels. If a single level with 
ionization energy EA is present, the activation energy E1 (i.e. the slope of the Inp  
versus 1/T plot) is of the order of magnitude of EA. In general, E, will be somewhat 
smaller than EA, the exact value being dependent on the acceptor concentration, the 
compensation ratio and the temperature region (equation (2), section 4.1.1). 'Ibking 
the reported value of EA = 0.3685eV for boron in diamond [14], the values of E1 
in figure 2 are as expected for conduction by valence band holes, excited from the 
boron acceptor level. It should be noted that we determined the activation energies 
using the conductivity data instead of the carrier concentration p(T). However, since 
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1/T [K’] 
Figure 5. Carrier concentration p obtained from 
Hall measurements, as a function of temperature 
for sample HF-3(1W) ( N i  = 2.7 x lO’*cm-’). 
The experimental valuer are indicated ay squares; 
the liner correspond to theoretical fits where the 
compensation ratio K and the Hall effective mass 
m; have been varied (see section 4). For clarity 
of presentation, the values of p in the two upp” 
graphs (which display the same data set as the lower 
one) have been multiplied by the factols indicated. 

Figure 4. Temperature dependence of the Hall 
mobility p~ for sample HF-3(1OO) ( N i  = 
2.7 x The maximum value ot 
590~m*V-’s-~  is found at T = 295K. n e  high- 
and low-temperature data can be fitted using a 
power law p w T x .  The resulting valuer of K 

are K I ~  = 2.2 and = -2.8. 

the carrier mobility is generally much less dependent on temperature than p, the 
resulting values of E, will not differ much. 

For the most heavily doped samples of run HF-5, the small activation energies 
in the high-temperature region (see figure 1) may indicate that metallic conduction 
is also present to some extent. Metallic conduction will be dominating for dopant 
concentrations above the Motvtransition, given by NAai sz 0.02 [16], where ah is 
the Bohr radius for holes in diamond. Taking the value of ah = 0.403nm (obtained 
for a hole effective mass of m; = 0.75m0, m0 being the electron rest mass), the 
semiconductor-to-metal transition should occur for NA = 3 . 1 ~  l~k%m-~.  The dopant 
concentration of the (110) film of run HF-5 is clearly above this value (see table 1). 

4.1.1. Hall effective m m  and compensation ratio. The temperature dependence of 
the carrier concentration (measured for sample HF-3(100) at 23OK < T < 750K, 
see figure 3) can be used to determine the compensation ratio Ii N D / N A .  
Theoretically, in a non-degenerate p-type semiconductor with a single acceptor 
level with ionization energy EA and compensating deep donors at a concentration 
N,, = KN,,, the carrier concentration p is given by [15] 
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The degeneracy factor gA has been set equal to 2, which is the case for boron in 
diamond [17]. Furthermore, it is implicitly assumed that a single, scalar effective 
mass m; can be used. Diamond has three valence bands, characterized by different 
effective-mass tensors. Therefore, mi is the weighted average of the contribution 
of the three bands in the scalar approximation. Moreover, since p was determined 
using the Hall effect, in principle three different Hall factors P should be used for 
scattering of light and heavy holes and 'split-off holes. By setting T equal to 1, this 
effect has been neglected. Therefore, the value of m; is the average Hall effective 
mass, which could vary with magnetic field strength, temperature or crystal quality. 

The experimental carrier concentrations of figure 3 were fitted by variation of the 
compensation ratio IC and the effective mass m; using the theoretical relation of 
equation (2). For the acceptor ionization energy, the fied value of EA = 0.3685eV 
[I41 was taken. For NA,  the relation N A  = ( N i  f p ) / ( l  - IC) was used, where 
N i  = 2.7 x 10'8cm-3 (the room temperature value of p can be neglected compared 
to N i ) .  It is seen in figure 3 that the effect of variation of IC is most strongly felt at 
low temperatures, whereas the high-temperature values of p are mainly determined 
by mi,. 

A very large scatter exists in the literature with rcgard to the hole effective mass 
for diamond. Values between OZm, and 2.1mu have been reported [MI. Often 
the value of m' - 0.75m, is used. However, as is clear from figure 3, it is not !-- possible to obtain a proper fit to the experimental data using mi = 0.75m,. The 
resulting carrier concentration would always be too high in the high-temperature 
region, independently of the chosen value for IC. The best result was obtaincd using 
mi = (0.35f0.05)mu and I< = 0.008f 0.002, as is shown in the lowermost curves. 
Choosing a still lower value of m;, as shown in the upper curves, yields too low 
values of p at high temperatures. It should be mentioned that the error in the value 
of N; (see table 1) has little importance for the curve fitting. In the lower figure, 
two additional dashed curves have been drawn corresponding to N: = 2.0 x 10l8 
and 3.4 x at the same value of IC and mi. The dashed cuwes are hardly 
distinguishable from the solid one. Only in the high-temperature region is a very 
small deviation from the curve with N i  = 2.7 x 10'uccm-3 noticed. 

The resulting value of IC leads to a concentration of deep donors, such as 
nitrogen, smaller than 2.2 x 10'6ccm-3. This is indicative of a very ineffective 
incorporation of nitrogen, which was also observed for flame-grown CVD diamond 

Finally, it should be noted (as has been explained in [9])  that a discrepancy 
exists between neutral boron concentrations based on calculations using hw different 
infrared absorption bands. The value of N i  = (2.7 f 0.7) x l O ' * ~ c m - ~  should be 
replaced by (1.110.2) x 10'8cm-3 when the alternative method is used. This problem 
has not been solved yet and we refer the reader to [9] for a discussion. However, when 
the experimental carrier concentration is fitted using ,'Vi = (1.1 i 0.2) x 10'8cm-3, 
the values of m; and IC obtaincd differ from those given above. We obtained 
m; = (0.65 f 0.05)" and 11- = 0.020 f 0.003. It is seen that a definite, reliable 
value for m; cannot be given before the neutral boron concentration is known more 
accurately. On the other hand, the compensation ratio is still found to be low, also 
when the alternative value of N i  is used in the fitting procedure. 

~191. 
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From the above, it is clear that the value presented for the hole effective mass 
should be considered as preliminary. The Hall effect measurements have to be 
extended to more samples and unambiguous values for the boron concentration 
should be available. These could be obtained by using higher temperatures where 
the hole concentration approaches saturation. At the moment, however, we cannot 
handle the required temperatures, which are typically 1200K or higher. 

4.1.2. Hail mobifiy. The maximum Hall mobility of 5 9 0 ~ m ~ V - * s - ~  a t 295K (see 
figure 4) is the highest value reported for cvD-grown diamond. Higher values (up to 
~ O O O C ~ ~ V - ~ S - ~ )  have been reported for natural and HPHT-grown synthetic diamond 
(for an overview, see, e.g., [SI). However, the dopant content of these samples was 
considerably lower than that of our films. We feel that the currently observed high 
value of &, should be attributed to the low degree of compensation and the good 
crystalline quality. 

The values of nlow = 2.2 and nihiSh = -2.8 for the low- and high-temperature 
mobility index deviate from the theoretical values for impurity scattering (resulting 
in K , ~  = 1.5) and lattice scattering (leading to nhw = -1.5). This indicates that 
both at low and at high temperatures, scattering mechanisms other than the above- 
mentioned ones are effective. The observed value of l~~~~~ = -2.8 is within the range 
of values given in [7] and [20]. 

4.2. Hopping conduclion 
Hopping conduction in semiconductors has been extensively studied (for a general 
treatment, see Ill]). It is observed in the temperature region where band carriers have 
been frozen out and at dopant concentrations below the Mott transition. Furthermore, 
since hopping occurs between neutral and ionized dopant atoms, a certain degree of 
compensation is required. 

In a typical semiconductor such as germanium, hopping conduction is only 
observed at very low temperatures (below 10K 1121). In p-type diamond, however, 
where the acceptor ionization energy equals 0.37eV, free holes will be virtually frozen 
out already at much higher temperatures. Furthermore, due to the small Bohr 
radius, metallic conduction only starts at acceptor concentrations exceeding 10zUcm-3. 
Therefore, hopping conductivity in ptype diamond can be studied in quite a large 
range of temperatures and dopant concentrations. 

Experimental studies on hopping conduction have been carried out for HPHT- 
grown diamond (21,221. For CVD diamond films, hopping conduction has only been 
studied in polycrystalline material [6], where boron clustering at grain boundaries has 
led to deviations from the expected values of o3 and E,. For the measurements on 
homoepitaxial films mentioned in the introduction [5,7,8], no low-temperature data 
have been reported and accordingly transitions between band and hopping conduction 
have not been observed. 

In section 3, we have already attributed the transition between high and low 
activation energies to a change from band to hopping conduction. This deserves 
some further discussion, however. A small activation energy does not necessarily 
imply E3 conduction. Indeed, for n-type germanium, an additional term u2e-EzIkT, 
describing the motion of electrons over singly filled neutral donors (occurring through 
the D- state), has been added to equation (1) [23]. (For a discussion of this type of 
conduction, see [ll].) In summary, the characteristics are: (i) the activation energy 
lies between E, and E3; (U) it occurs at intermediate temperatures between the 
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hopping region and the band conduction region; and (iii) it is only ObSeNed when 
the impurity concentration is high and the compensation ratio is low. For the moment, 
we cannot exclude the occurrence of Ez conduction in the present diamond films. 

A proof of the occurrence of hopping conduction could be given by the 
temperature dependence of the Hall coelficient R,. It should go through a maximum 
at the transition from band to hopping conduction [12]. However, we were not able 
to measure the Hall coefficient in the hopping region using the present DC method. 
Most likely, an alternating magnetic field, such as in [24], should be used. The 
absence of a D c  Hall effect in the hopping region has been found for several other 
materials [Z]. 

On the other hand, the occurrence of hopping conduction can be verified by 
the dependence of the pre-exponential factor, crgr on the dopant concentration N,. 
For band conduction, the conductivity should increase more or less linearly with 
N, (in fact sublinearly, since the carrier mobility decreases at increasing dopant 
concentrations). In the hopping region, however, the conductivity is determined by 
the amount of impurity wave funcrion overlap, which decays exponentially with the 
mean separation between dopant atoms, ( $ T N , ) - ' / ~ .  Accordingly, u3 should obey 
a relation of the form 

E P Visser el a1 

c3 = U3,"exp --a- [ N::l (3) 

where the theoretical value of -a depends on the specific model used. For the Miller- 
Abraham random resistor network and isotropic impurity wave functions, a value of 
a = 1.73 is calculated [26]. Figure 5 shows the experimental conductivity data in the 
hopping region down to T = llOK, together with the linear fits of In U versus 1/T. 
The corresponding pre-exponential factors o3 are shown in figure 6 as a function of 
(N:)-' l3.  Roughly speaking, an exponcntial dependence of u3 on ( Nu)-'/3 can be 

A linear fit of In u3 versus ( N 1 ) - ' i 3  (dashed line) yields a proportionality factor of 
-1.63nm-I. This value should be of the order of magnitude of -cr/a,, = -4.29nm-' 
(obtained for a = 1.73, ah = 0.403 nm), which is not very well obeyed. However, 
in view of the before-mentioned uncertainty in the value of mi,  a different value of 
ah can be used. Taking the value of m;: = 0.35m,, obtained in the present study 
for sample HF-3(100), the resulting Bohr radius is ab = 0.864 nm. This would give 
- -a /ah = -2.00nm-', which is in better agreement with the value of -1.63nm-' 
obtained in figure 6. 

It should be noted that in figure 6, we plotted the room temperature value of N i  
instead of the total boron concentration NA.  However, since at room temperature 
only a very small fraction of the acceptors is ionized and the compensation ratio is 
expected to be small, the two values will not differ much. 

4.3. Nearest-neighbour versus variable-range hopping 

For all diamond films, the conductivity values in the hopping region down to l lOK 
could fairly well be described by In U - 1/T (see figure 5). However, when still lower 
temperatures are included (data available for the most heavily doped samples of runs 
HF-1 and HF-5) this linear relationship seems to be no longer valid, as is shown in 
figure 7. As was noted by Mott [27], conduction at sufficiently low temperatures only 

discerned, although the slope of In u3 tends to increase for increasing N, 4, (solid line). 
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relationship between In U and 1/T. mat of the mom tem eralure neulral bomn 

concentration, ( N i ) - l / f .  The dashed line 
represents a linear fit of In U% versus ( N 2 ) - 1 / 3 .  

occurs between states within a very small band of energies near the Fermi level. ks 
a result, hopping can take place between remote impurities whose energies happen 
to be within this band. This leads to variable-range hopping, as opposed to nearest- 
neighbour hopping at more elevated temperatures. Variable-range hopping has been 
shown to be proportional to exp(-TO/T)'/' [27]. In figures 7(a) and 7(6) we have 
plotted Ino  versus 1/T (lower z-axis) and versus I/T'/' (upper z-axis), for the runs 
HF-5 and HF-1, respectively. It is seen that a more or less linear relationship exists 
between Ino and l/T1I4, whereas for Inn Venus 1 / T  this is not the case. This 
indicates that the conduction mechanism at low temperatures could be variable-range 
hopping. 

4.4. The connection with ctystal growth 

The higher conductivity values of { 100) samples compared to { 110) films in the 
band conduction region and the reversal in the hopping regime (see figure 1) can be 
explained on the basis of crystal growth theory. The growth mechanism for (100) 
diamond surfaces is essentially different from that for the {IIO) orientations. The 
{100) surfaces (which are F faces) are characterized by slow layer growth involving 
step and kink sites [28,29]. This leads to a relatively good crystallographic quality 
and low impurity content At {llO} surfaces (IUS faces), on the other hand, growth 
species are directly integrated into the lattice. Therefore, the growth velocity and also 
the impurity incorporation are much higher than for {loo} surfaces. These views are 
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Figure 7. Low-temperature conductivity of the mosl heavily doped diamond films as a 
function of l /T  (lower z-axis) and of l/T'/' (upper z-axis); (a) run HF-5. (b)  run 
HF-1. 

in accordance with the data of table 1, which clearly show thinner layers and lower 
boron concentrations for {loo} films compared to {110} layers. 

The low-band conductivity of { l l O )  films should thus be attributed to the  lower 
carrier mobility, caused by the poorer crystallographic quality and higher impurity 
content as compared to {l00) samples. This low mobility even overshadows the 
effect of the larger acceptor concentration in {IlO) films. Hopping conductivity, on 
the contrary, is not mobility controlled but depends on wave function overlap, which 
goes exponentially with l/iv1'3. Therefore, the higher hopping conductivity of { l l O }  
films is directly explained by their higher boron content 

4.5, Comparison with previously published resulk 

The previously publishcd results [5,7,8] on monocrystalline CVD diamond have all 
been obtained for temperatures above 200IC Accordingly, the authors have not 
observed a clear change in conduction mechanism, as in the present study. 

Some interesting differences can be noted when our results are compared 
with those for the microwave-plasma-grown samples of Shiomi et al [SI, where 
approximately the same range of doping levels was used. First, the change in 
electrical conductivity upon heat treatment, which had been attributed to diffusion of 
dissolved hydrogen in their films, was not observed in our case. Second, the reported 
'metallic conduction' for their film with a dopant level of 3 x 10ZUem-3 was not 
observed in any of our films. Even for our sample HF-5(110), with a neutral boron 
concentration of 5.1 x 1020cm-3, the conductivity was found to increase as a function 
of temperature. This may be due to the fact that the heavily doped sample of Shiomi 
et a1 is a (100)-oriented film, which should have a lower compensation ratio and a 
better crystallographic quality than our (110) sample. Since the Mott transition is 
shifted toward higher impurity concentrations for increasing compensation ratio [30], 
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the electrical conduction in sample HF-S(110) can still be activated, whereas that of 
1.51 is already purely metallic. Finally, it should be noted that Shiomi el al. could 
not obtain proper theoretical fitting curves for their carrier concentration, unless they 
assumed the existence of additional acceptor-like centres in a concentration more than 
ten times larger than the boron concentration. However, in our view, this strange 
result might not have occurred if they had varied not only the compensating donor 
concentration in their fitting procedure, but also the value of the hole effective mass, 
which had been kept b e d  at mi = 0.75mu. 
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