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This paper reports on Hall effect and resistivity measurements under high pressure up to 3—4®Rein
y-indium selenidéInSe (doped with As, Cd, or Znande-gallium seleniddGaSe (doped with N or Sh The
pressure behavior of the hole concentration and mobility exhibits dramatic differences between the two layered
compounds. While the hole concentration and mobility increase moderately and monotonoerdase, a
large increase of the hole concentration near 0.8 GPa and a large continuous increase of the hole mobility,
which doubled its ambient pressure value by 3.2 GPa, is observgdn8e. Electronic structure calculations
show that the different pressure behavior of hole transport parameters can be accounted for by the evolution of
the valence-band maximum in each material under compression. While the shape of the valence band maxi-
mum is virtually pressure-insensitive #1GaSe, it changes dramatically #aInSe, with the emergence of a
ring-shaped subsidiary maximum that becomes the absolute valence-band maximum as pressure increases.
These differences are shown to be a consequence of the presence or absence of a symmetrgmetesnent
plane perpendicular to the anisotropy axisthe point group of each polytyg®s;, for the e-polytype andC,,
for the y-polytype), resulting in different selection rules that affect e interaction between valence bands.

DOI: 10.1103/PhysRevB.71.125206 PACS nuntger78.20.Bh

[. INTRODUCTION der pressure can be a very efficient tool to detect changes in
the band structure. In the case of InSe, the energy difference

The effect of the crystal symmetry on the optical, lattice,between the indirect subsidiary minima and the direct abso-
and transport properties of 1lI-VI layered semiconductorslute minimum of the conduction band decreases upon com-
was an object of debate and investigation for many yearspression, and a direct-indirect band-gap crossover occurs at 4
The basic structure and symmetry of an isolated layer is th&Pa (Refs. 13 and 14 These changes of the conduction-
same(D3;, point group for three of the most studied mem- band structure affect the transport propertiem-t§pe InSe.
bers of this family, namely indium selenidenSe), gallium  Hence, research of the transport propertiesi-ofpe under
selenide(GaSe, and gallium sulfidelGaS. This similarity = compressiot?1® valuably contributed to the understanding
breaks in the bulk compounds, as each layer stacking sef the pressure behavior of the conduction-band structure of
quence leads to a different polytype, with a different crystalinSe.
symmetry: vy-polytype for InSe (Cs, point group,! On the other hand, density-functional-thedBFT) elec-
e-polytype for GaSeDg;, point group? and S-polytype for  tronic structure calculations showed that the valence-band
GaS(Dgp, point group.® The effect of the polytype symmetry structure of InSe exhibits a complex behavior under pressure
in the lattice dynamics is obviously very cle@ihrough the leading to a nonconventional direct-to-indirect cross-
selection rules for the Raman effe@nd has been widely over131417.18The valence band of InSe above 4 GPa exhibits
investigated=’ By contrast, its effect in optical and transport a singular feature: a ringshapétbroida) constant energy
properties is far less obvious. It is worth noticing that thesurface!* These changes of the valence-band structure of
absorption edges of-InSe ands-GaSe exhibit virtually the InSe are expected to strongly affect the transport properties
same features and intensity, apart from the photon energyf p-type InSe. Previous results on transport measurements
shift3-1 Even if there were some studies in the early 1970sunder pressure ip-type GaSe did not suggest any drastic
on the polytype effect on the band gap of Ga&ef. 12, change'® This fact motivated us to perform Hall effeG4E)
there was no clear trend and these suggestions have nevaeasurements ip-type InSe samples doped with As, Cd,
been revisited in light of modern electronic structure calcu-and Zn(Ref. 20 and to compare them to those previously
lation methods, which are far more accurate that the empiriebtained forp-GaSe doped with Sn and N under the light of
cal pseudopotential methods that were used in the interprdirst principles band structure calculations for both com-
tation of the early results. pounds.

Given the amount of extrinsic parameters involved in  After describing the experimental method and the band
transport properties, they do not appear as the first choicstructure calculations in Sec. I, we will present the experi-
when one is looking for symmetry-based differences bemental results in Sec. Ill. The evolution of the electronic
tween polytypes. Nevertheless, transport measurements ustructure of both compounds under pressure will be the key
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to discussing the differences between both compounds in L L
Sec. V.

Il. EXPERIMENTAL DETAILS AND BAND STRUCTURE
CALCULATION METHODS

The studies were performed in InSe and GaSe monocrys-
tals grown by the Bridgmann method. Impurities were intro-
duced as InAs, CdSe, or ZnSe for In&ef. 21). Growth of
p-doped GaSe has been described in Ref. 19. The HE mea-
surements under variable pressure and temperé&tlireere
carried out in a Bridgmann-type cell, equipped with tungsten
carbide anvils, which admits the application of an external
magnetic field(0.6 T). Samples, with faces perpendicular to
thec axis, were cleaved from large monocrystals, being typi-
cally 50 um thick and 4x 4 mn? in size. Contacts were ap-
plied in the van der Pauw configuration by soldering silver
wires with high-purity indium. The pressure apparatus used
for the experiments has been described elsewt¥éfe® In P T S B
this case, we used pyrophyllite gaskets, thermally treated at
950 °C during 1 hour, in the split gasket geome(i®8 mm
thick each. The quasihydrostatic pressure generated was es-
timated from pressure calibrations based on resistance FIG. 2. Hole concentration at room temperature as a function of
change® The pressure cell was heated with a nichromePressure for severgktype y-InSe ands-GaSe samples with differ-
heater placed between the anvils flats and the gasket. TerRt doping agents.
perature was measured with a Pt/Pt-10%Rh thermocouple.

Temperatures up to 500 K and pressures up to 3.2 GPa wevéere performed using theiesTa code?>2® For band struc-
routinely obtained with this set up. ture calculations at high pressures, the pressure dependences

The calculation technique is a fully self-consistent densityof lattice parameters were taken from Ref.(87S¢) and Ref.
functional theor$® (DFT) method that has been described 7 (GaSe and the atomic positions inside the cell were as-
with detail in Ref. 13. The valence one-particle problem wassumed to be those proposed in Ref. 28S¢) and Ref. 29
solved using a linear combination of numeridpiseudyp  (GaSe, on the basis of extended x-ray absorption fine struc-
atomic orbitals(NAO) with finite range?* The calculations
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FIG. 1. Resistivity at room temperature as a function of pressure FIG. 3. Hole Hall mobility at room temperature as a function of
for severalp-type y-InSe ande-GaSe samples with different doping pressure for severg@type y-InSe ands-GaSe samples with differ-

agents.

ent doping agents.
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TABLE I. Transport parameters of selectpdype InSe samples as obtained from Hall effect and resistivity measurements at ambient
conditions and impurity concentration of the selected samples. The ambient condition ionization energy of the deep donor and the mobility
of the holes located at th& (RS maximum as well as the acceptor and deep donor concentration are also given.

Po Po Ho K20 MR Na Nt=Na Ero

Sample (Qcm) (ecm™) (cm?/Vs)  (cmP/Vs)  (cm?IVs)  ure! tzo (cm™d) (cm™) (meV)
1.3 ppm As 8700 421018 17.0 16.0 22.0 1.37 %108 5x 106 490
0.93% Cd 350 9.4 10™ 19.0 18.0 21.5 1.20 64108  2x101 465
1000 ppm Zn 1650 2210 16.8 15.5 22.5 1.45 2108 1x 10" 535

ture experiments under pressure. FBNSe, the computa- sample of Sn-doped GaSe as representative of results re-
tional details are those reported in Ref. 13. For Ga, normported in Ref. 19. Table | gives the ambient conditions of
conserving scalar non-relativistic pseudopotentials werégesistivity (column 2, hole concentratioricolumn 3, and
used. Otherwise, the computational details are those in Refiole mobility (column 4 for three selected samples as well
30. In the calculations fog-GaSe, a cutoff of 660 Ry and a as their doping agent content. In all the studied samples

regular grid of 8x8x 8 k points! to sample the Brillouin Shows a nearly flat behavior up to 0.8 GPa, but above this
zone were used. pressure an abrupt decreasepdf observed. From 0.8 GPa

to 3.2 GPap falls more than one order of magnitude. This
change of is basically due to the large increase observed in
IIl. EXPERIMENTAL RESULTS the hole concentration above 0.8 GlPﬁee Flg 2 In con-
trast, the hole mobility does not show any abrupt change on
Figures 1-3 show the resistivityp), hole concentration the pressure range covered by our studies. Upon compres-
(p), and hole mobility(«) as a function of pressure for sev- sion, it continuously increases doubling its ambient pressure
eral samples doped with As, Cd, and Zn, respectively, and aalue by 3.2 GPa. This pressure behavior observeg fpr
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FIG. 4. (a) Projection of they-InSe structure
in the 110 direction(b) Brillouin zone of y-InSe.
(c) Band structure ofy-InSe at ambient pressure
and 7 GPa as calculated by the NAO-DFT
method.
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FIG. 5. (a) Projection of thes-GaSe structure
in the 110 direction.(b) Brillouin zone of
e-GaSe.(c) Band structure of-GaSe at ambient
pressure and 7 GPa as calculated by the NAO-
DFT method.

Tkz (b)

andw is quite different from the behavior observedgpitype  pressuregsambient pressure and 7 GRadong two directions
GaSe, another IlI-VI layered semiconductor, as illustrated irof the Brillouin zone(BZ) as calculated by the NAO-DFT
Figs. 1-3. In GaSe, from ambient pressure to 4 GPm-  method?>26 Apart from the band gap value, the band struc-
creases only by two times and increases by less than 1.2 ture of e-GaSe at ambient pressure can be seen as the result
times. This behavior could be quantitatively explainedof the folding of the band structure oj-InSe along the
through a reduction of the activation energy of the acceptof'-Z direction. Let us calE; the energy of thé valence band
levels and a decrease of the hole-phonon couplingt Z(I') in InSe (GaSs, i.e., Ey; correspond to the valence
constant®’ as a consequence of the large increase of the

static dielectric constant in the direction parallel to the InSe~y GaSe-e
axis3232 Nevertheless, such smooth changes can hardly be LA
expected to cause the large increase observed in the transport
parameters op-type InSe under compression. In fact, the
observed pressure behavior for the transport properties of B
p-type InSe can be only understood on the basis of a sizable Bt 2,9 = TFW?
increase of the valence band density of states accompanied €, E,
by a decrease of the effective mass in the valence band maxi- E. l_ ZA) | '
mum. As we will show below, these conditions can be ac- “ = _l_"*““’
counted for if the band structure is modified under compres- \
sion in the way predicted by DFT calculatioks:* e r_f';’g
B P Eﬁ::—z;;
IV. DISCUSSION: EVOLUTION OF THE BAND z r Tu(E) A,

STRUCTURE UNDER PRESSURE
) ) FIG. 6. Comparison of the band structures #finSe and
Figures 4 and 5 show the evolution of the band structure-GaSe at ambient pressure with assignment of the symmetry of
of y-InSe ande-GaSe near the band gap at two differenteach state at th& or T points of the BZ.
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TABLE II. Selection rules in lll-VI polytypes(a) e-polytype  framework of thek-p model3* the hole effective mass par-

(Dgn)- (b) y-polytype (Csy). allel to thec axis would be determined mainly by the dipole
_ matrix element of the allowed fundamental transiti@in.the
Final state following see Fig. 6 for the notation of bands and their cor-
Initial state Elc? Ellc? responding energies.
l—‘l (A:’L) FG 1-‘4 ﬂ (InSe -1 _£|<V21|PH|CZ]_>|2 1
F4 (Ag) F5 Fl - E ’ ( )
myz Il Mo g,InSe
1—‘5 (EH) F4,r5 FG
I's (E") I'1.ls I
[ﬂ] (GasSe —1- 2 |[(vTy|PyleT ) ?)
ELcP ElicP myz 1y My Egcase
Z, (A) Zs Z As the matrix elements in Eqél) and(2) are very large,
Zs (E) 2.2 Z the negative term dominates, giving rise to a small hole ef-

fective mass and, consequently, to a large dispersion of the

®Dipole operator had’s(E') symmetry forE Lc and I',(A}) for  VBM along thec-axis direction.(See Figs. 4 and 5.

Elic. As the fundamental transition is forbidden for light polar-

"Dipole operator haZ(E) symmetry forE L c andZ(A)) for Elc.  jzation perpendicular to theaxis, the hole effective mass in
the layer plane is determined by other allowed transitions

band maximum(VBM). As discussed in the literatufé®1®  from the VBM to other valence and conduction ban@®ee

the upper valence band with enery; has predominant Table Il

Seyp, character in both compounds, while the following

deeper valence bands have predominanpSgy character. [ mo ](Inse 2 [(vZy|P,[cZ)2 2 [(vZy|P, |vZan)?
=1-— +—

These deeper valence bands are at eneigje$i =2 andi = E_E E g
=3) in InSe andE; (i=2 toi=5) in GaSe. As pressure in- L Mo Eezz™Ewz Mo Evz1~ Eizan
creases, two striking differences become more and more ap- . 2 (vzZy|P . |vZse)?

vZ

parent in the valence bands of both compounds. Mo E,;-E,s | ©)
(i) On the one hand, there is a clearly different behavior 8 8

in the change of the valence band maximWiBM). While

the VBM in e-GaSe does not change its shape as pressure m, |(Gase 2 |[(vy|P, |cTe)?

increases, the VBM of-InSe atZ first becomes very flat and o =1- M Eor—E o

then, at a higher pressure, a second maximum develops in L Mo Eore ™ Eura

the Z-L direction of the BZ. A detailed analysis shows that 2 [(vL| P [vTgn)|?

this maximum has quasicylindrical symmetry with respect to + R E,r1- E,ren

the ¢ axis and its constant energy surface is ring-shaded : " 5

tailed cross sections of the constant energy surfaces are + 2 [(vTo|P [+T6p)] 4)

shown in Ref. 1% At pressures larger than 3 GPa, this sec- My E,r1—E,res

ond maximum becomes the absolute maximum. i i

(i) On the other hand, there is a second difference re- "€ second right-hand term in Eq&) and (4) corre-
garding the behavior of the energy difference between th§PONds to the dipole-allowed interaction with conduction
VBM and the deeper valence bands. WhilesiGaSe the Pands(with In p,-p, character lying 5-6 eV above the

energy differenceE,;~E,; monotonously increases with VBM. The thirq and_fourth terms corregpond to dipole-
pressure for all deeper valence bariis2 to i=5), it de- allowed interaction with valt_ance bands \-N.Ith Bepy char—.
creases iny-InSe fori=2, and increases fdr 3. acter. Then, for both materials, the positive terms partially

Let us first try to understand the origin of these differ- compensate the negative ones, which leads to a large value

ences. Figure 6 shows a sketch of the band structure of bofff the in-plane hole effective mass. Consequently, selection
compounds in th&-Z (T-A) direction of InSe(GaSe, with rules for the fundamental transition give full account, follow-
the assignment of the symmetry of the electronic states in th&!d thek:p model, of the so-called “anomalous anisotropy”
Z(T') point of the BZ. Table Il shows the selection rules for Of the hole effective mass in both materigfghe hole effec-

dipole transitions in both point groug€s,, for y-InSe and  (ive mass component parallel to theaxis is much smaller
D, for e-GasSe. than the ones perpendicular to iy, <m , as clearly illus-

trated by the band dispersion in Figs. 4 angd 5.

A. Anisotropy of the valence band maximum

. . . . B. Emergence of the ring-shaped maximum
For both semiconductors and in the absence of spin-orbit g g-shap

interaction, the fundamental transition is forbidden for light In order to explain the emergence of the ring-shaped
polarization perpendicular to theaxis (E_L c) and allowed VBM in y-InSe, following the model proposed in Ref. 14,
for light polarization parallel to the axis(Elc). Then, inthe Eq. (3) is modified as follows:
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my 2 [ [vzy|P,|cZa)l? ) tronic wave functions. In the-polytype the symmetry and
— | k)=1+— T E—Eoa ‘(A+Bki) selection rules of the single layer are preserved in the 3D
vt Mo e vzl crystal. In they-polytype the stacking sequence breaks the
><|<1/Ze,||:’i|021>|2+ [(vZy|P | vZap)|? o, mirror plane symmetry. Nevertheless, given the much
Ey E,z1— E,z3a smaller strength of interlayer interactions with respect to

) intra-layer bonding, one cannot expect a dramatic change of
+ [(vZy|P [vZ35)| ) (5) the intralayer structure of electronic wave functions. It means
that, in spite of a given transition being allowed by the crys-
tal symmetry in they-polytype, its matrix element can be

. tThet'new t.ﬁ:”:hgges a%COLt'.nt Otf) adsma_lll_ dlpole-al_lo_wedvery small. In some way, the 3D crystal wave functions pre-
Interaction wi €4, conauction band minimum, ansing gq e the “print” of theoy, mirror plane in the isolated layer.

from Zl. andZ, Va'e'ﬁce band ”?ix"‘g .Of. two dif_ferent origins. This has been shown to be the case forudHlgs-cZ; transi-

Coefficient A describes the spin-orbit interactiorzaand the ) 4, v-InSe. Dielectric function calculations reported in

k,-dependent term describes the mixing of states away ffoffot 14 show that, even if this transition is allowed Bt c

the:Sax:Z'ssure increases. the enerav differeBica - E it does not contribute to the dielectric constant because the
P ’ gy 8~ Ezan atrix element is negligible. This is a “print” of the fact that

: . m
quickly decreases and the fourth term becomes domlnan{he corresponding transition is strictly forbidden in the iso-

compensating for the negative ones and giving rise to a . ) :
upward dispersion of the VB aZ(k, =0). For k, 20, the thted layer(as well as in thes-polytypé. It is reasonable to

i k2 in the third t dominate f . | think that this is also the case of th&@;,-vZ, transition in
erms ink, In the third term dominate for Some given valué | qq hat corresponds to strictly forbidden transitions

of k, and dispersion becomes dowr_lward, which leads to th%r5A ool in s-GaSe. Its matrix elemerZ,|P, [1Z5y) is
emergence of the ring-shaped maximunm. small and it does not give any large positive contribution in
Let us now discuss what happensafGaSe under pres- Eqg. (1) at ambient pressure. On these grounds, it turns out
sure._Equatigr(4) is als_o modified in order to introduce di- th?:l.t Eq.(6) can givepaccount.for the comglex stru,cture of the
pole interaction associated to the fundamental gap, VBM nearZ, depending on the relative value of the different
Mo 2 |<VF1|PJ_|CF6>|2 5 matrix elements and depending on the relative value and
— | k)=1-—|"—"———"-(A+BK) signs of coefficientsA and B. As regards the signs of these
+ Mo coefficients, energy dispersion considerations suggestthat
(WPl (ol P vl en)l? and B should have different signs. On the one sidegle-
* scribes the mixing of states with double-group symmetry
5 Zs(J=1/2) and should contribute with an upward shift of the
+ [(vT'4|P [T gp)l ) (6) VBM (repulsion or anticrossing as shown in Ref).18n the
E,r1— E,res other side,B describes the strong mixing gf, and p,-
py Se states away from th2 point that is responsible for
most of the downward dispersion of the upper valence band
ih the layer plane.
Let us now consider the effect of compression on the
; . value of the matrix elements. The main effect of compression
change of the VBM shape is expecteds#GaSe under pres- in layered semiconductors is the quick decrease of the inter-

(ss erg'gh'z ':nf(;jIgllsgovk\]lﬁaephtewrggn%?ggoit;u;::rne geg?;ll?tr']%rl]jayer distances. In the-polytype, this can affect the print of
9. g the oy, symmetry in two ways; on the one hand, it increases

transport parameters in GaSe, as shown in Figs. 1-3 that = . . . .
o : . s e intra-layer dissymmetry with respect to the mirror pldne
could be quantitatively interpreted in Ref. 19 by taking 'mo.and, on the other hand, it makes the influence of the nonsym-

account smooth changes of physical quantities like the Statlﬁ1etric interlayer space on the electronic wave functions be-

dielectric constant, effective mass, phonon frequencies, etc ;
P q tome larger under pressure. Consequently, a matrix element

] ] ] ] ) that was zero in the isolated layer and negligible in the 3D
C. Selection rules in the |§0Iated layer and dipole matrix crystal at ambient pressure can quickly increase under pres-
elements in the crystals sure. This effect, along with the quick decrease of the energy
A comparison of Eqs(5) and(6), in light of the selection E,z1—E,z3x eventually leads to a change of sign of the cur-
rules for both polytypeg¢Table 1) can bring more light, es- Vvature of the VBM aZ and the emergence of the ring-shaped
pecially on which concerns the order of magnitude of thenew VBM.
matrix elements iny-InSe. In order to compare and ¢
polytypes in IlI-VI layered semiconductors one has to con-
sider the electronic structure of an isolated layer and the
effect that the different stacking sequences have on it. The
symmetry point group of the isolated layer B, which Another important point in this model is the reason why
contains the mirror plane;, perpendicular to the axis. This  the energy differencg,;;—E, ;35 decreases in InSe while all
symmetry, along with the bonding scheme, determines théhe energy differences,; —E, 5 ¢ o5 increase in GaSe. This
chemical nature and the basic in-layer structure of the elecsan be hardly related to the polytype symmetry as in both

EVZl - EVZ3B

My, Ecre — Eura

"

Eg EVFl - EVFGA

Contrary to what happens iInSe, terms giving rise to
positive contributions to the hole effective mass decrease u
der pressure ine-GaSe, as the energy differencésr,
—E,reap quickly increase.(See Fig. 5. Consequently, no

D. On the origin of the pressure behavior of the transition
energies
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polytypes the states involved in each transition under considexciton effective Rydberg under pressure, as measured from
eration belong to different representations and do not mithe absorption edge at low temperafmsould be incompat-
under pressure. We think that the origin of the different be4ble with the existence of a saddle point at thgoint. On
havior can hold on two groundsi) the compressibility of top of that, a change of sign in the curvature of the VBM at
the cation-cation bond length that is responsible for the enZ would also have very dramatic effects on the hole mobility.
ergy splitting of the Sep,-p, states(For symmetry reasons, The VBM would become very flat at a given pressure and
the coupling between Sg-p, states operates mainly through the hole effective mass parallel to the layers would become
their interaction with the Ip,-p, states. and(ii) the relative  very large, leading to a very large density of states and a very
strength of interlayer and intralayer interactions in both com4ow hole mobility. None of these effects seem to be compat-
pounds, along with the Sg, nature of the VBM. ible with the results of our transport measurements. Then

As regards the first ground, it turns out that the In-In bondassuming that we have two distinct types of carriers is an
is more compressible than the Ga-Ga one, which leads to assumption coherent with optical measurements. Within this
quicker increase of the splitting between thef&e, states, framework, the Hall hole concentration and mobility will be
making the “antibonding” Se,-p, state in InSguvZz,) shift  given by*>1¢
up in energy quicker than the equivalent pair in GaSe ( N )2
(uTsap). The upperZs, Sep,-p, state atZ in y-InSe shifts p= M, 7
up in energy by 0.52 eV between ambient pressAfe) and Prsurst Pzuz
7 GPa. The corresponding statelatn e-GaSe(I's,) shifts
up only by 0.37 eV in the same pressure interval.

As regards the second ground, the VB states wittpSe _ Pretist Pzus
character are very sensitive to the increase of the interlayer - Prstrst Pzitz’
interaction under pressure. From Figs. 4 and 5 it is clear that RTRS T ez
the increase of the band dispersion of these states in Ga$espectively, wherg; (prg represents the hole electron con-
(vT'y) increases quicker than the equivalent states in InSgentration at theZ (RS maximum of the valence band, and
(vZ,). This behavior reflects the fact that intralayer interac-#z (#rd stands for the mobility of the hole located at the
tion in GaSe is relatively much more inten@eith respect to (RS maximum of the valence band. On the other hand, it has
the interlayer interactionthan it is in InSe(Intralayer cova- been established by previous studies that doping with As, Cd,
lent bonds are stronger and intralayer distances are longer @&1d Zn create shallow acceptors and deep donors in#hSe.
GaSe with respect to InSeUnder Compression’ inter]ayer These donors are located below the middle of the band gap
interaction can increase more in GaSe than it does in InS&nd behave as hole traps so that the Fermi level is nearer to
which makes the upper energy shift«f, in GaSe(0.6 ev  the valence band than to the conduction band and the elec-
from 1 bar to 7 GPgto be much quicker than the onew,  tron concentration can be neglected in the neutrality equa-

in InSe(0.12 eV from 1 bar to 7 GBa tion. On top of that, in contrast with the-type GaSe
samples, in thep-type InSe samples used to perform the

present measurements, the acceptor levels are fully ionized,
as established in Ref. 20. These samples are overcompen-
sated by very deep donors and holes are generated by exci-
For convenience, we will call the two maxima of the va- tation from the valence band to the empty deep donors. We
lence band,Z maximum andRS (ring-shapetl maximum.  do not observe any departure from this behavior in the whole
The energy difference between tAeandRSmaxima3is at ~ Pressure and temperature range we have explored. With these
any pressure much smaller that the activation energy of th@ssumptiong; andpgrsWwill be related through the following
hole traps that determine the hole concentratiorpaype  €quation,
InSe?° As a consequence of this fact, holes at handRS N
maxima will be involved in the charge transport process. It is Prs_ —VRS(Ez~Erg/ksT (9)
important to note here that our electronic structure calcula- Pz Nz

tions show a continuous change in the shape of the valenggherekg is the Boltzmann constanE, (Egd are the ener-

band. According to this, the effective mass tensaf ahould  gies of thez (RS VBM and Ny, (Nygq are the effective
have two components that are infinite at some pressure b%’ensity of states in these maxima, given by

fore becoming negativéAbove that pressure the VBM &t

and

(8

V. INTERPRETATION OF THE PRESSURE BEHAVIOR OF
HOLE TRANSPORT PARAMETERS IN v-InSe

would become a saddle pointVe think that this is unreal- Nyz = 4.89X 10'5T2(my/mg)/? cmi 3, (10)
istic result due to the limitations of the band structure calcu-

lations (which do not include spin-orbit interactipnOnce m;§<RS

spin-orbit interaction is taken into account, ) can give Nyrs=kgT 2 (11)

account of a complex structure of the VBM aroundwith a

conventional maximum afZ and a ring-shaped maximum wheremy is the free electron massfZ is the density of states
away fromZ. On the other side, all results on absorptlé®>  effective mass in th&-VBM, mggis the density of states
modulated photoreflectané®and photoluminescenteun-  effective mass in th&®SVBM, and kgsis the radius of the
der compression exclude the existence of a saddle point. Iring central circumference of tHteRSmaximum.(See the Ap-
particular, the monotone and relatively small change of thependix) From Egs.(9)—(11), and using the hole statistics
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TABLE Ill. Calculated values fom*z, m*RS, 1z, andursas a function of pressure. The estimated pressure
dependence for the energy difference betweenzZtend RS maxima and the pressure dependencdEpf
obtained from Fig. 8 are also given.

P(GPa  Er(meV) E;-Egs(meV) my/my  mgdmy  pz (CmPIV'S)  ups(cmP/Vs)

0.0 46% 70.0 0.449 0.350 18.0 215

0.75 454 53.5 0.420 0.356 20.16 24.09
1.2 444 43.6 0.435 0.360 21.23 25.36
1.8 428 30.4 0.492 0.366 23.4 26.76
2.4 420 17.2 0.586 0.371 23.32 27.86
3.2 414 -0.4 0.755 0.378 24.25 28.93

a/alue taken from Ref. 20.
bValues obtained from our measurements.
CExtrapolated value.

model described in Ref. 20 it is straightforward to obtain thependence of the hole concentration and mobility are
hole concentrations in each maximum, summarized in Tables | and Il
— Before proceeding with the discussion one word should
D= N a<1 SN NA) \/1 +%(1 SN NA) _1 be said on the hole trap activation energy. We first tried to
T ve 2Ny Ny 2Nya ' account for the experimental results by consideifiigas a
(12) constant. In such a case, we obtained fhatcreases upon
compression, but not as much as observed in the experi-
and ments, e.g., in the Cd-doped samplgoes from 1&° cm™3
at ambient pressure t0>410'° cmi 3 at 3 GPa which is much
Pre= pz<& _ 1>, (13) lower than the experimental value at 3 GRp=9
N X 10 cm3). Therefore, theE; constant approach does not
allow us to estimate properly the pressure dependenpeasf

whereN, is the acceptor concentratioN; is the deep donor
concentration, andv=exd (E;—E,)/kgT], Er is the energy
of the deep donor and

W77

Cd-doped InSe

Ny = Ny + KeT(Mrked 72 exfl (E; — Erd/KgT].
(14)

In order to calculate the pressure dependence of transport
parameters of the studied samples using E@s(13) it is
necessary to knomM,, Ny, Et, and the pressure dependence
of the hole effective massésy, andmgg), the energy differ-
ence between thé andRSmaxima(E,—Egg, and the hole
mobilities (x; and urg. Na, Ny, E7, and the pressure de-
pendence oE,-Egscan be taken from the literatut&?°For
m*z, its pressure dependence can be calculated using the
modifiedk-p model proposed by Manj6if,and, formgg its
pressure dependence can be obtained from DFT
calculationst® Regardingu,, it can be accounted for by in-
cluding LO polar phonon, homopolar phonon, and ionized
impurity scattering®3°On the other hand, it is reasonable to
assume that, and urs have the same pressure dependence el 0o
within the range of the present stutfyThus, in order to fit 105 1 2 s
the experimental behavior gf and u we assumed tha{nz Pressure (GPa)
and urs follow the pressure dependence calculated in Ref.

19, being its ambient pressure value fitting parameters. It is £ 7. pressure dependence of the hole concentration for the
important to note here that the ambient pressure values of thgymple ofy-InSe-doped with Cd. The symbols show the present
hole mobilities are the only two fitting parameters we haveexperimental data. The solid line represents the calculated pressure
used to calculate the transport parameters; the rest of th&havior of the hole concentration according to the model described
parameters involved in Eq&)—(9) and their pressure depen- in the text. The dotted lines are the calculapedaindpgrsusing Egs.
dences were obtained from previous experiments and calcyi2) and(13). The dashed line represents the results obtained con-
lations. All the parameters used to calculate the pressure dsideringE; as pressure independent.

p (cm®)
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¢ . 4 ] FIG. 9. Hole mobility as a function of pressure for the Cd-doped
° . | sample ofy-InSe. The solid squares illustrate the present experi-
@ mental data. The solid line represents the fitted behavigr aing
10 F ® Eq. (8). The dashed lines are the mobility of the holes located in the
T, T Z maximum(uz) and theRSmaximum (ugg.
1000/ T (K")

model reproduces well the experimental results for the
FIG. 8. Temperature dependence of the carrier concentr@jon samples doped with As, Cd, and Zn. To illustrate the fact that
and mobility (b) at different pressures in the sample ¢finSe  the pressure-driven changes pfand u are related to the
doped with Cd. Different symbols correspond for different pres-changes of the valance band structure predicted by DFT
sures, which are indicated in the inset of the figure. The temperaturgalculation$ we plotted also in Fig. P, pz, andpgs (solid
dependence of the mobility does not change with pressure withignd dotted lines, respectivelyThe presence of the ring-
the accuracy of the present experiments. From the slope changghaped maximum, which approaches thmaximum under
induced by pressure in the Arrhenius plat we obtained the pres-  compression, is reflected in Fig. 7 in the large increase of
sure dependence . Prs Which by 1 GPa already exceeps On the other hand,

illustrated in Fig. 7 for the Cd-doped sampl@he dashed 2S the effe_ctive mass of the holes I(_)cated at the ring-shaped
line represents the hole concentration obtained under thi@@Ximum is smaller than the effective mass of the holes at
approximation. In order to check whetheE; changes on the Z maximum, it is reasonable to expect thai< ugrs
pressure or not, we performed HE measurements as a funéherefore the Hall mobility should increase as the holes are
tion of T at several pressures. The results obtained are showfansferred from theZ to the RS maximum due to the
in Figs. §a) and 8b). In the Arrhenius plofFig. 8a)] it can pressure-driven valence band modification of InSe. This fact
be seen that the slope decreases at the pressure increas@dllustrated in Fig. 9, where it can be clearly seen tpat
which implies a decrease of the activation energy of the hol&= #z at ambient pressure, but=urs at 3 GPa. Table Il
concentration. The values obtained o at different pres- shows the best fit values far; and ursat ambient pressure
sures are given in Table IIl. The pressure behavior we foundizo andurg) in the samples doped with As, Cd, and Zn. In
for Er is very similar to the one estimated for the activationall the cases, the mobility ratinrg/ 1z is very similar to
energy of deep levels in Sn-dopadtype GaSé? Based (MgdMy) ™32 implying that, as inp-type GaSeé? the ho-
upon this fact, we assumed that the energy of As and Zn degpopolar phonon scattering mechanism is the dominant scat-
levels follows also the same trend. With respecjutoat all  tering mechanism ip-type InSe in the pressure range cov-
the studied pressures it dependsToim the formT-22 This  ered by our experiments.
dependence is very similar to that observed at ambient
pressuré and indicates that the contribution of the different
scattering mechanisms does not change substantially with
pressure. In this work we have reported transport measurements
The results obtained for the hole concentration are shownnder pressure ip-type InSe and GaSe. The results obtained
in Fig. 2 (solid lineg. It can be seen there that the presentfrom these measurements can be satisfactorily explained if

VI. CONCLUSIONS
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DFT electronic structure calculations of both compounds are R .

taken into account. In this sense, the differences found in the E(k) = Ers— ﬁ“(‘ ked”=Ers—
electronic structure calculations for both compounds and the

addition of extra terms related to spin-orbit interactiomt ~ where kg is a vector on the toroid central circumference
considered in the calculationbave led to equations for the with the same spherical coordinageask. In spherical coor-
hole effective masses at the topmost valence bands of thesénates, Eq(A1) can be written as

compounds. Furthermore, the new equations for the hole ef-

fective masses allow us to understand not only the present E(k) = ERS_
transport measurements but also previous results of absorp-

tion and photoluminescence under pressure in these comMhe density of states can be calculated through
pounds. We can conclude that transport measurements under

(A1)

+ ks~ 2kkgsin 6).

pressure, in light of those calculations, turn out to be appro- grdE) = 1 ds, _

priate tools to compare the different behavior under pressure 41 Jeccre |V IzE(|Z)|

of the valence band maximum in two closely related com-

pounds with different crystal symmetry. The k gradient of the energy dispersion would be

. #2 . h? .
VEK) = = — (k= 2kgssin )0y + —kgL£0sly,
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APPENDIX: DENSITY OF STATES AND CARRIER The density of states in a rlng—shaped maximum behaves as

STATISTICS IN A RING-SHAPED (TOROIDAL) the one in a two-dimensioné2D) hole system(lt is zero for
EXTREMUM E>Egsand constant foE< Egrg) In this case, as it is well
o _ _ known, the hole concentration is related to the Fermi level by
Let us assume for simplicity that the ring-shapéatoi-  an analytical expression that is valid for both nondegenerate

dal) extremum occurs in thk,=0 plane and has cylindrical and degenerate systems,

symmetry with respect to thk, axis. Let us callkgg the x

radius of the central circumference of the toroid. Let us as- p= kBTmRé(RSIn(l +e(ErErglkeT)

sume that the constant energy surface intersection with mh?

planes containing thle, axis are also circumferencése., the

effective mass is the same fRparallel or perpendicular to .

the c axig). Under these assumptions the energy dispersion L ~MeKRrs £ £t
. - p = kgT—=, e ErEra/keT,

for k vectors close to th&, =kgrg circumference will be h?

which, in nondegenerate systems, reduces to
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