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Abstract. The infrared absorption and reflectivity of HgSe:Fe samples with Fe con- 
centrations ranging from 1.5 X cm” have been investigated at room tem- 
perature in the region 40&2000cm-‘. The Drude theory modified with a frequency- 
dependent damping and the rs-r; interband contribution as well as the general theov of 
free-carrier absorption which takes into acwunt both single-particle and collective absorp- 
tions were employed to study the experimental results. The spectral data enable the eval- 
uation of material parameters, such as E p ,  N., m: and m,’, as well as the determinationof 
the damping parameter, absorption coefficient, absorption crosssection and mobility. It was 
found unexpectedly that the absorption parameters and mobility undergoan evident change 
in their dependence on Fe concentration when the Fe concentration is higher than 
4 x 1018cm-3; a weakened scattering rate on free carriers has been assumed. 

to 7 X 

1. Introduction 

Hg, -,Fe,Se is a relatively new semimagnetic semiconductor which has attracted con- 
siderable attention owing to its many interesting and novel properties. HgSe is a zero- 
gap semiconductor with inverted energy band structure similar to that proposed by 
Groves and Paul [l, 21 for a-Sn. Fe in HgSe acts as a resonant donor. The ground state 
of Fe’+ 3d6 impurities is split by the tetrahedral crystal field into a 5E orbital and higher- 
lying ST orbital triplet. Both of them are degenerate with the conduction band [3-51. It 
is believed that the term is located at 210 meV above the bottom of the band while 
the term lies about 370 meV higher. Our previous investigation [6] on the infrared 
properties of HgSe: Fe sample with a Fe concentration of 7 x lo’* showed that at 
temperatures below 20 K the Fermi level is pinned to ‘E, which is not greater than 
200 meV above the bottom of conduction band, and increases with temperature owing 
to the depopulation of Fezt. The recent investigations of Hgl-,Fe,Se have revealed 
that this system shows a strikingly different behaviour from that found in HgSe and 
Hg,_,Mn,Se at low temperatures when the Fe concentration is greater than a critical 
value which is about (4-5) x IO‘* Among these different properties are the very 
stable electron concentration [7], the apparent reduction in Dingle temperature and the 
unusually high electron mobility [5,8-12]. To explain these striking features, a spatial 
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ordering model of charges within the ionized donor of the Fe system through Coulomb 
interactionswasexaminedbyMycielski [13]. Accordingto thismodel, thespace ordering 
of the ionized donor, which takes place at low temperatures when the concentration of 
Fe exceeds this critical concentration, appreciably reduces the carrier scattering rate 
and hence results in the novel properties. Similarly, the scattering of carriers by charged 
centres should also substantial!y affect the intraband transition of free carriers from the 
view that free carriers have to exchange their momentum with lattice through scattering 
in order to be excited into a higher state of energy in the process of intraband optical 
absorption. 

This paper is an optical study of the influence of Fe ions in HgSe on the scattering 
mechanismof free carriers in the infrared region. 

2. Absorption and reflectivity 

Infrared transmission and reflectivity measurements of crystalline HgSe : Fe samples 
obtained using Bridgman method with a doping concentration of Fe in the range 
1.5 x 10’*-7 X IOI9 have been performed. A Perkin-Elmer 983 grating spec- 
trometerand aBruckerIFS113VFourierspectrometer were usedfor the measurements 
inthespectral range 400-2000 cm-‘. Firstly, thereflectivity wasmeasured.The thickness 
ofsamplesisabout0.5 mm, whichisthickenough that theinfluenceofthesecondsurface 
can be neglected; then the samples were reduced to the thickness of 1&50@m and 
glued on a ZnS or sapphire substrate with a hole at the centre for the transmission 
measurement. The measurements were performed with a special effort to extend the 
measuring region as close as possible to plasma edge so as to obtain free-carrier absorp- 
tion in a wide range of frequencies. The samples were prepared by mechanical polishing 
followed by etching in 4% bromine-methanol solution. A ‘transmission window’ with 
Fe-dependent width and position is observed. 

The measured reflectivity spectra were fitted using 

R = [ ( n  - 1)’ + k z ] / [ ( n  + 1)2 + k 2 ]  

n = q ( m  + .s1)/2 

(1) 

(2) k = d ( m  - ~ ~ ) / 2  
where n is refractive index, k is the extinction coefficient, and E ,  and are the frequency- 
dependent real and imaginary parts, respectively, of the complex dynamic dielectric 
function (DDF). The DDF for a zero-gap semiconductor is given by the general formula 

.(U) = E ~ ( w )  + ie2(w) = E:  + &inre,(@) + .sph(w) + .sintra(w) 

=&=(U) + Einrra(w) (3) 

(4) 

(5) 

.sPh(W) = Fw+o/(m+o - w2) 

E ~ ~ ~ ~ ~ ( w )  = -co;/(wz - iyw) 
where wp is the plasma frequency, y the damping parameter, wTo the transverse optical 
phonon frequency and F the oscillator strength. The weak phonon damping has been 
neglected. is the contribution due to all interband transition except the rg-ri 
transition E ~ ~ ~ ~ ~ ( w ) .  E ~ ~ ~ ~ ~ ( w )  can be calculated using two band-structure models: the 
‘quasi-parabolic’ model and the model of Kane with large spin-orbit splitting and 
random-phase approximation [14,15]. The parameters used in this calculation are the 
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same as in [ 151. The integral in the calculation of DDF was divided into two parts: one for 
the energy at which the shape of the band is described by Kane’s model, and the second 
for the energy range in which a damping function proposed first by Stern [16] was 
employed, where the two parameters used in the function are E ,  = 1.0 eV and E, = 
3.0 eV. Our evaluation shows that E , . ~ ~ ~ ( W )  has a relatively flat dispersion relation at 
room temperature. E ;  is taken to be a frequency-independent fitting constant in this 
study. Strictly speaking, E &  is frequency dependent at a frequency corresponding to the 
Fermienergy. In fact, at room temperature, thereisalmost no suchcontribution because 
of the minor density of states in the r; valence band. However, it was found from the 
fitting that E: isFe concentration dependent, aresult which has not been reported before 
and is perhaps associated with the position of the Fermi level in the conduction band. 
up and y are fitting parameters also. Using the DDF in equations (1) and ( 2 ) ,  one can 
attain a very good fit to the measured reflectivity. The parameters obtained are listed in 
table 1. The absorption coefficient (Y can then be obtained from the transmission T: 

T =  [ (1 -R)2 / (1  -R’)]exp(-old). (6) 

The thickness d was determined from the interference in the transmission spectrum 
using the refractive index n calculated from equation (2). In figure 1 are the absorption 
coefficients thus obtained for five samples in a typical free-carrier absorption region, 
which ends at the plasma frequency wp on the low-wavenumher side. In the same plot 
are also shown the absorption coefficients evaluated from the damping parameters 
through equations (5), (3) and (2): 

where A is the wavelength. The coincidence between the fits to the Dmde theory and 
experiment is very good. It is obvious that the absorption does not increase with 
increasing Fe concentration constantly. When the Fe concentration increases by a factor 
of 2.7 (from 1.5 X lo’* to 4 x IO’*), the absorption coefficient increases by a factor of 
2.3, which is, roughly speaking, proportional to the Fe concentration, and then for a 
furtherincreaseinFe byafactoraslarge as17.5(from4 x 10L8t07 X loL9) theabsorption 
coefficient remains at about the same level. It follows from this that the absorption of 
light by HgSe:Fe becomes less effective when the Fe concentration is higher than the 
critical concentration. 

The dependence (Y - Asofthe absorption coefficient on wavelength has been studied 
by power-law regression on the linear part of the curves in figure 1; s = 3.5 and 2.5 
indicate ionized-impurity and phonon scattering mechanisms for samples with Fe con- 
centrations higher than 4 x loin cm-j and equal to or less than 4 x lo1* respect- 
ively. Our previous study on free-carrier absorption in Hg,Cd,-,Te [17] revealed 3.7 
and 2.7 wavelength power dependences of the absorption coefficient for ionized- 
impurity and phonon scattering, respectively (in that paper, the power dependence of 
3.7 and 2.7 was erroneously printed as 1.0 and 1.4, respectively). Therefore, when the 
total concentration of Fe in the crystal exceeds the critical value and the predominant 
scattering mechanism turns out to be ionized-impurity scattering created mainly by Fe’+ 
3d5, the absorption no longer increases. However, the density of free carriers increases 
steadilywithincreasingFeconcentration (table 1);itisthenconcludedthat thescattering 
rate of free carriers on Fe3+ decreasingly becomes less effective when the Fe con- 
centration exceeds the critical value. 
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Figure 1. Absorption coeificienl versus 
irequency: A, A ,  0, e, 0, experimental 
data; -, theoretical values from the Drude 
theory; ---. linear regression to the linear part 
of the experimental data. The s-values are the 
slope o i  the linear regression line with respect to 
frequency in the linear part. 

Table I.The parametersfor fivesampler: N,,isamaterialparameLer.disasampleparameter, 
upand E*(wJ are fitting parameters, Er i sa parametercalculated fromthc tilting parameters, 
and Ne,  m: and m: are parameters calculated from Er. 

. .  

FE20 1.5 49.5 610 12.0 2.6 2.1 257 0.01007 0.04286 
FE4B 2 55.4 630 11.9 2 5  2.3 266 0.041 13 0.04384 
FE5B 4 13.75 650 11.8 2.6 2.5 273 0.04217 0.04481 
W2B 40 21.4 830 11.6 3.5 4.9 357. 0.05256 0.05462 
W4C 70 21.5 860 1 1 . 1  3.5 5.1 357 0.05322 0.05526 

3. Damping parameter 

It was found that y is an insensitive parameter in reflectivity fitting using equation (1) 
except for the region close to the plasma frequency. On the contrary, it is very sensitive 
in the fitting to the measured absorption coefficients using equations (S), (3), (2) and 
(7), and the fitting is not satisfactory unless a frequency-dependent damping is used in 
equation (5). In fact, a square-law frequency-dependent damping has already been 
employed by other workersin their optical analysis of semiconductors [I8-20] andmetals 
[21] and was believed to be associated with plasmon generation [22]. It is seen from 
figure 2 that damping in the three lower-Fe-concentration samples is more frequency 
dependent than that in the two high-Fe-concentration samples. Figure 3 presents the 
tendency of the variation in damping parameter with Fe concentration. It is also seen 
that damping increases proportionally with increasing concentration of Fe if it is less 
than the critical value; then the damping does not undergo any noticeable increase for 
further increase in Fe. 

4. Absorption cross section 

The plasma frequency is given by 

W E  = 4?cN,eZ/&,(w,)m~ 
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Figure 2. Damping parameter versus frequency. 

IO 

0 
1018 1019 1020 

Fe CONCENTRATION ( ~ m - ~ )  

Figure 3. The mean value of damping parameter averaged  we^ the linear region of free- 
carrierabsorption versusFe wncentration.Theerror barsindicate thederivativeof thedata 
in the region. The full line is a guide to the eye. 

where e is the charge of electron, Ne is the density of free electrons zr(mp) is the sum of 
E: + E ~ ~ ~ ~ ~ ( w )  + E ~ , , ( < U )  at the frequency wp at which the real part of DDFgoes to zero, 
m: is the effective mass of free carriers averaged over the conduction band: 
m: = (m:) [23,24]. The angular brackets signify an average over the distribution and 
this average is defined, for the case of spherical constant-energy surface, by 

wherefis the Fermi-Dirac distribution function, and k the wavevector. E L  and &(up) 
can then be obtained from reflectivity fitting using equations (1)-(3), Moreover, since 
both Ne and m: in equation (8) are functions of the Fermi energy E,, the accurate values 
of EF can then be evaluated by the method of successive approximations to the measured 
wp. Table 1 presents the evaluated N e ,  m,! and m; for five samples; the values of Ne are 
less than those from Hall measurement [5 ] .  Recently, a method of evaluating EF from 
the interband transition edge using the imaginary part of DDF was proposed [6]; the 
obtained value of EF is slightly less than that shown in table 1. With the values of Ne in 
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Figure 4. Absorption cross section versus 
frequency. Thevalueofthe densityoftreecarriers 
is evaluated from the plasma frequency. 

table 1, the absorption cross sections (figure 4) were evaluated from the absorption 
coefficients (figure 1) for the five samples. A similar tendency is demonstrated once 
again that an obvious increase is followed by a slow decrease. This demonstrates clearly 
the strengthening and weakening in the scattering rate of free carriers. 

5. Mobility 

The high-frequency mobility was evaluated from the damping parameter y and the 
effective mass m t  of free carriers at EF by 

p = eJ2zcml y (10) 
where c is  the velocity of light. The results are presented in figure 5. It is seen that the 
mobility is both frequency and Fe concentration dependent for samples with a Fe 
concentration less than the critical value; also it turns out to be frequency and Fe 
concentration independent and has lower value for samples with a Fe concentration 
higher than the critical value. Figure 6 is the plot of mobility versus Fe concentration. 

h 
0 

FREQUENCY (cm-1) 

Figure 5. High-frequency mobility evaluated from damping parameter versus frequency, 
The full line is a guide to the rye. 
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20 

Fe CONCENTRATION (cm-3) 

Figure 6. Mobility versus Fe concentration: 0, mean valuesofhigh-frequency mobility (the 
error ban indicate the derivative of the data; the full line is a guide to the eye); 0, static 
mobilityfrom 151. 

The mobility decreases with increasing Fe concentration, but the decreasing rate under- 
goes an obvious change at the critical value of Fe concentration. The static mobility 
obtained from transport measurements [5] is also shown in figure 6. It decreases with no 
turning point and approaches the high-frequency mobility in the high-Fe-concentration 
region. Figure 7 is the plot of mobility versus free-carrier density. The trend is the same 
as that in figure 6.  The turning point in figure 7 at about 2.5 X 10" cm-3 is determined 
by the critical value of Fe concentration. A weakened scattering rate of free carriers, 
which starts at the turning point, is an easy interpretation for the trend. 

6. Discussion 

Although the theoretical plotsin figure 1 based upon the modified Drude theory describe 
the free-carrier absorption in HgSe: Fe very well, this theory is essentially classical; it 
fails to give detailed description of the specific scattering mechanisms. In order to 

h 

* s 0 r 1  5 2.0 

c 1.0 

=' m *. 
m 
0 
z o  

- E 

1 2 5 10 

CARRIER CONCENTRATION (10'8 cm-3) 

Figure 7. Mobility versus densi t y  of free carriers: 0, mean values of high-frequency mobility 
(the error ban indicate the derivative of the data); 0. static mobility from [SI; -, 
theoretical value from ['E]. 
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calculate the intraband free-carrier absorptioncoefficient due to variedscatteringmech- 
anisms. a modified quantum theory and a photon-ionized-impurity-plasmon (PIIP) pro- 
cess were employed in our previous studies [17,26] to account for the two parts of the 
free-carrier absorption,i.e. thatduetosingle-carrier transitionsandthatdue tocollective 
excitations of free carriers. However. the PIP process does not take into consideration 
the damping of plasmon oscillations so that it overestimates the effect due to plasmon 
excitations in the high-frequency region where Landau damping exists. The more general 
theory of high-frequency free-carrier absorption due to impurity scattering at absolute 
zero temperature for an n-type doped zero-gap semiconductor with parabolic and 
isotropic rg conduction band has been put forward by Goetfig [27]. In the theory, both 
single-particle absorption and collective absorption are evaluated for the degenerate 
plasma, and also in the frequency range corresponding to the Landau damped collective 
modes. In addition. the plasma-Lo-phonon polar coupling is taken into account in the 
theory. With this theory, a very good description of the low-temperature transmission 
data of HgSe has been obtained [27j. According to this theory, we have numerically 
evaluated Im[06(w)], i.e. the total dissipative parts of intrabandpolarizability which is 
the contribution to DDF due to the interactions of free carriers with ionized impurities in 
the lattice. The parameters used in this study are the same as used by Goettig. Material 
parameters such as N, ,  EF, in: and wpare listed in table 1. It was assumed in the theory 
that the scatterers, i.e. ionized Fe donors, are distributed at random and D = ( l /N, , )  
X i  2: Ni , where N .  is free carrier density and i represents the different kinds of impurity, 
while 2, and N ,  denote the charge number and the concentration of impurities of the i 
kinds of impurity, respectively. A D-value higher than unity indicates either a large 
charge number on the scatterers, which is not the case for Fe ions in HgSe, or a higher 
concentration of scatterers with respect to N,. Since the samples are highly degenerate, 
the free-carrier behaviour at a finite temperature should not be very different from that 
at absolute zero temperature. so that we can use this theory to estimate our results. The 
absorption coefficient can be calculated from 

LY = (4nw/cn) Im[c?(w)]. (11) 
Figure 8 shows the evaluated resuits as well as the D-values used in the calculations. 

The slopes of all curves are the same and are around 3.5 which is typical for ionized- 
impurity scattering. The agreement between theory and experiment isgood for samples 
W4C and W2B. It is very interesting to compare the increase in D-value with that in Fe 

FREQUENCY (cm-1) 

Figure 8. Absorption coefficient versus 
frequency: A,  A ,  0, e, 0, experimental 
values;, theoreticalvaluesfrom [27]. The D- 
values are the impurity parameter. 
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concentration. For sample FESB, the Fe concentration is 2.0 and is 2.6 times that in 
samples FE4B and FE20, while its D-value is 2.2 times that for the two samples. The 
predominant scattering mechanism in these three samples is, as we have pointed out, 
phonon scattering. Fitting the measured absorption coefficients using Goettig’s theory 
which takes into account only ionized-impurity scattering has certainly overestimated 
the D-value. However, the relative increase in D-value still makes sense, indicating the 
increase in ionized impurities. On the other hand, for samples W4C and W2B, their Fe 
concentrations are 10.0 and 17.5 times that for sample FESB while their D-values are 
only 0.9 times that for sample FESB, indicating no extra increase in ionized impurities 
with respect to free carriers. 

The electron scattering in crystals such as HgSe is rather complicated owing to the 
peculiar order of the energy levels which causes several specific problems in the theory. 
In particular, the formulae derived in the past for an s-type band cannot be directly 
applied to materials with an inverted band structure. Dietl and Szymanska [’E] and 
Szymanska and Dietl [28] have developed a theory of electron scattering and transport 
phenomena taking into consideration many specific features of electron transport in the 
band in question for a randomly distributed assembly of scatterers. The full curve in  
figure 7 is the result obtained from their theory in which the contributions from ionized- 
impurity, polar, acoustic and non-polar scattering have been taken into consideration. 
For comparison, the static mobility from [SI is plotted also. The theory describes the 
static mobility well in the regionof low carrier density but not in the region ofhighcarrier 
density where the static mobility is less than theory and approaches the high-frequency 
mobility. As far as the high-frequency mobility is concerned, this theory fails to describe 
it in both trend and value. 

The scattering relaxation time has also been evaluated from Goettig’s theory; it is 
seen that the scattering frequency for the five samples are of the order of magnitude of 
10”-10’* Hz, while the optical frequency in this study is of the order of 10” Hz, which 
is one or two orders of magnitude higher than scattering frequency. Thus the two 
mobilities, from optical and transport measurement, should not be the same. A study 
on rather pure HgTe samples [14] showed that the dynamic damping obtained from 
room-temperature reflectivity fitting is about 50% greater than static damping obtained 
from Hall mobility; in other words, the high-frequency mobility should be 50% less than 
the static mobility. It is seen from figure 7 that this is not the case. 

It follows then that the scattering theory based upon the random distribution of 
ionized impurities is no longer accurate in the case of HgSe :Fe. 

It was suggested that Hgl-,Fe,Se can contain microscopic Hg inclusions [29]. It is 
then very likely to have HgSe surrounded by Hg inclusions in the lattice; these inclusions 
have an effect on the transmission spectrum depending on their density and size dis- 
tribution, and the effect is hard to distinguish from those due to free-carrier absorptions. 
The situation is similar to that arising from HgTe inclusions in H&Cd,-,Te 1301. The 
effect of HgTe inclusions in the Hg,-,Cd,Te lattice on infrared transmission is tem- 
perature sensitive; HgSe inclusions are expected to have the same temperature behav- 
iour. Therefore, low-temperature investigations of HgSe: Fe are needed. 

7. Conclusion 

When the Fe concentration in HgSe: Fe increases to a value higher than the critical 
value, the scattering rate of free carriers on the resonant donors Fe’+ is weakened; this 
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results in  an obvious change in the dependence of absorption coefficient, damping 
parameter, absorption crosssection and mobility on Fe concentration. Neither the high- 
frequency mobility nor the static mobility in the region of high free-carrier density can 
be described by the existing free-carrier scattering theory which is based upon a random 
distribution ofionizedimpurities. The twomobilities (dynamic andstatic) have the same 
value when the density of free carriers and hence the Fe concentration is high enough. 
All the results in this study indicate that free-carrier scattering is weakened when the 
total Fe concentration is higher than the critical value. 

Acknowledgments 

TheassistanceofJi Huamei. LiuKun. Huang YexiaoandHuCanmingin thepreparation 
and performance of this experiment is appreciated. Thanks are also due to Mrs B 
Witkowska for providing us with the HgSe: Fe crystals. 

References 

[I]  GrovesSHandPaulW1963Phys. Reo. Letl. I 1  194 
[2] Groves S H and Paul W 1964 Proc. In/. Con6 on Semiconductors (Paris: Dunod) p 41 
[3] Mycielski A. Kowalski B,  Orlowski B A. Dobrowlska M. Arciszewska M, Dobrowolski Wand Bar- 

I41 Mycielski A 19881. Appl. Phys. 63 3279 
[5] Pool F S. Kossui J. Dehska U and Reifenbcrger R 1987 fhys. Reo. B 35 3900 
161 Szuszkiewicz W. Qian Dingrong, Julien C, ZhangJiaming, Jezewski M, Balkanski M and Mycielski A 

[7] Vaziri A, Debska U and Reifcnberger R 1985 Appl. Phys. Lctr, 47 407 
[8] Vaziri A and Reifenberger R 1985 Phys. Reo. B 32 3291 
191 Vaziri A and Reifenberger R 1986 Phys. Reo. B 33 5585 

anowski J M 1986 1. Phys. C: SolidSrate Phys. 19 3M15 

199OJ. Cryst. Growth 101 507 

[lo] Reifenberger R and Kossui J 19871. Vac. Sci. Technol. A52995 
1111 Dobrowolski W. Dybko K, Mycielski A, Mycielski 1, Piechota S, Palczewska M. Szymcrak H and 

Wilamowski Z 1986 Proc. 18th Int. Conf. on the Physics ofSemiconductors (Stockholm 1986) ed 0 
Engsfrom (Singapore: World Scientific) p 1743 

[I21 Glutzman N G .  Sabirzyanova L D, Tsidil'kovskii I M. Psranchich L D and Paranchich S Yu 1986 Fiz. 
Tekh. Poluprou. 20 1994 

1131 MycielskiJ 1986ActuPhys;. Polon. A69; 1986SolidSfnteCommun. W165 
[141 GrynbergM,LeToullecRandBalkdnski M 1974 Phys. Reo. 9517 
1151 SzuszkiewiczW, W i t o ~ ~ k i A M a n d G r ) n b e r g M  1978Phys. SrorlrsSolidib87637 
1161 Sterii F 1964 Phys. Rev. 133Al653 
1171 Qian Dincrona and Szuszkiewiu W 1981 Phil. M m  Ldl.  55 147 
i18j Kushev D B ,  iheleva N N,  Demakopoulou Y andkapkas D 1986lnfruredPhys. 26385 
1191 Gopal V 1982 Infrared Phys. 22237 
1201 Paraskevopoulos K. Siapkar D and Economou N 1984 Phys. Slutus Solidi b 124 229 
[21] Thye M 1970 flzys. Reo. B 2 3060 
1221 Sruszkiewicz W and U'itowski A M 1983SolidStore Commun. 48821 
i23i Zawadzki W 1974Adu. Phys. 23435 
1241 Manabe A ,  Nowchi H and Mitsuishi A 1978 Phss. Sfnrlrr Solidi b 90 157 
[25j Dietl Tand Szymanska W 1978J. Phys, Chem. Solids39 1041 
1261 QianDingrong,TangWenguo,Shen Jie, Chulunhaoand ZhcngGuozhen 1985SolidSfate Commun. 56 

(271 GoettigS 1985 Solid Slaw Commun. 55611 
[Ze] Szymanska Wand Dietl T 19781. Phys. Chcm. Solids39 1025 
1291 Dietl T 1990 1. Cvst. Growth 101 808 
1301 Qian Dingrong 1986 Phys. Sfatus Solidi a 94 573 

813 


