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Ó ìåæàõ òåîði¨ ôóíêöiîíàëà ãóñòèíè äîñëiäæåíî âïëèâ òèñêó íà åëåêòðîííó åíåð åòè-
÷íó ñòðóêòóðó êðèñòàëà CdS. Äëÿ ðîçðàõóíêó îáìiííî-êîðåëÿöiéíîãî ïîòåíöiàëó âèêîðèñòà-
íî óçàãàëüíåíå íàáëèæåííÿ  ðàäi¹íòà (GGA) òà ïàðàìåòðèçàöiþ Ïåðäüþ�Áåðê�Åðíöåð îôà
(PBEsol). Ðîçðàõîâàíî îñíîâíi ðiâíîâàæíi ôiçè÷íi ïàðàìåòðè êðèñòàëà CdS çi ñòðóêòóðîþ
ñôàëåðèò. Äîñëiäæåíî ñòðóêòóðíi òà åëåêòðîííi âëàñòèâîñòi â äiàïàçîíi ãiäðîñòàòè÷íîãî òèñêó
âiä 0 äî 90 GPa. Îá÷èñëåíî åëåêòðîííó åíåð åòè÷íó ñòðóêòóðó é ùiëüíiñòü ñòàíiâ çà ðiçíèõ òè-
ñêiâ. Ïðîâåäåíî êîðåëÿöiéíèé àíàëiç ðiâíîâàæíèõ ñòðóêòóðíèõ ïàðàìåòðiâ, ìîäóëÿ îá'¹ìíîãî
ñòèñêó òà íàéìåíøî¨ øèðèíè çàáîðîíåíî¨ ùiëèíè ðîçðàõîâàíèõ ïàðàìåòðiâ iç íàÿâíèìè åêñïå-
ðèìåíòàëüíèìè äàíèìè òà iíøèìè òåîðåòè÷íèìè ðåçóëüòàòàìè.
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I. ÂÑÒÓÏ

Ñóëüôiä êàäìiþ (CdS) ¹ ïðåäñòàâíèêîì êðèñòàëi-
÷íî¨ ãðóïè AIIBVI òà êðèñòàëiçó¹òüñÿ â ðiçíèõ ñòðó-
êòóðíèõ òèïàõ (ñôàëåðèò òà âþðöèò) çà íîðìàëüíèõ
óìîâ, çàëåæíî âiä óìîâ âèðîùóâàííÿ [1�3]. Êðèñòàëè,
òîíêi ïëiâêè òà íàíîêîìïîçèòíi ñòðóêòóðè íà îñíîâi
CdS øèðîêî âèêîðèñòîâóþòü â îïòîåëåêòðîííèõ ïðè-
ñòðîÿõ. Iç öüîãî ïîãëÿäó âèâ÷åííÿ ñòðóêòóðíèõ âëà-
ñòèâîñòåé i äèíàìiêè åëåêòðîííîãî ñïåêòðà êðèñòà-
ëà CdS ïiä äi¹þ çîâíiøíiõ òèñêiâ ñòàíîâèòü çíà÷íèé
ôóíäàìåíòàëüíèé iíòåðåñ.
Äåÿêi âiäîìîñòi ïðî âïëèâ òèñêó íà ñòðóêòóðó òà

ôóíäàìåíòàëüíi âëàñòèâîñòi êðèñòàëiâ ãðóïè AIIBVI

(CdTe, CdSe, CdS) ¹ â îêðåìèõ åêñïåðèìåíòàëüíèõ òà
òåîðåòè÷íèõ ðîáîòàõ [4�8]. Çîêðåìà, åêñïåðèìåíòàëü-
íi äîñëiäæåííÿ çìiíè øèðèíè çàáîðîíåíî¨ çîíè ïiä
òèñêîì 0�3 GPa ïðåäñòàâëåíi â [4], òåîðåòè÷íî ðîç-
ãëÿíóòî âïëèâ òèñêó (0�280 GPa) íà åëåêòðîííó åíåð-
 åòè÷íó ñòðóêòóðó CdSe ó ñòðóêòóði ñôàëåðèò, âþð-
òöèò òà êàì'ÿíî¨ ñîëi � [5]. Çàçíà÷èìî, ùî â ðîáîòi
[5] ðîçðàõóíîê ïðîâåäåíî ç âèêîðèñòàííÿì íàáëèæå-
ííÿ ëîêàëüíî¨ ùiëüíîñòi (LDA). Â iíøèõ ïðàöÿõ [6�8]
ïîäàíî ðåçóëüòàòè âèâ÷åííÿ ñòðóêòóðíèõ, åëåêòðîí-
íèõ òà òåïëîâèõ âëàñòèâîñòåé êðèñòàëà CdS â êóái-
÷íié ñòðóêòóði. Ïðîòå âëàñòèâîñòi öèõ ìàòåðiàëiâ ùå
ïîòðåáóþòü ïîäàëüøèõ äîñëiäæåíü. Çîêðåìà, öÿ ïðî-
áëåìà äîñi íå ðîçâ'ÿçàíà äëÿ êðèñòàëà CdS ó ñòðóêòó-
ði ñôàëåðèò.
Ó öié ïðàöi ïîäàíî ðåçóëüòàòè äîñëiäæåííÿ âïëèâó

òèñêó (0�90 GPa) íà åëåêòðîííi âëàñòèâîñòi êðèñòà-
ëà CdS çi ñòðóêòóðîþ ñôàëåðèò. Óñòàíîâëåíî çàëå-
æíiñòü øèðèíè çàáîðîíåíî¨ çîíè âiä ãiäðîñòàòè÷íîãî
òèñêó òà ïîòåíöiàë îá'¹ìíî¨ äåôîðìàöi¨, à òàêîæ ïî-
õiäíi ïåðøîãî òà äðóãîãî ïîðÿäêó âiä òèñêó äëÿ G�G
ïåðåõîäó.

II. ÌÅÒÎÄÈÊÀ ÐÎÇÐÀÕÓÍÊÓ

Òåîðåòè÷íi ðîçðàõóíêè âèêîíàíî â ìåæàõ òåîði¨
ôóíêöiîíàëà ùiëüíîñòi (DFT). Äëÿ ðîçðàõóíêó âëà-
ñòèâîñòåé ìîíîêðèñòàëi÷íîãî CdS (äèâ. ðèñ. 1) âèêî-
ðèñòàíî êðèñòàëîâó  ðàòêó ç íàâåäåíèìè íèæ÷å â òà-
áëèöi 1 ïàðàìåòðàìè. Äëÿ éîííèõ ïîòåíöiàëiâ � óëü-
òðàì'ÿêi ïñåâäîïîòåíöiàëè Âàíäåðáiëüòà (Vanderbilt)
[9]. Äëÿ îïèñó îáìiííî-êîðåëÿöiéíî¨ åíåð i¨ åëåêòðîí-
íî¨ ïiäñèñòåìè çàñòîñîâàíî ôóíêöiîíàë ó íàáëèæåí-
íi óçàãàëüíåíîãî  ðàäi¹íòà àïðîêñèìàöi¨ (GGA) òà
ïàðàìåòðèçàöi¨ Ïåðäüþ�Áåðê�Åðíöåðãîôà (Purdue�
Burke�Ernzerhof, PBEsol) [10]. ßê êîðåëÿöiéíèé ïî-
òåíöiàë äî ãðàíèöi âèñîêî¨ åëåêòðîííî¨ ãóñòèíè âèêî-
ðèñòàíî ðiâíÿííÿ Êåïåðëi-Àëäåðà (Ceperlay�Alder) òà
Ãåëëà�Ìàííà�Áðþêíåðà (Gell�Mann�Brueckner).
Ðîçïîäië çàðÿäîâî¨ ãóñòèíè îá÷èñëþâàëè ìåòîäîì

ñïåöiàëüíèõ òî÷îê iç çàëó÷åííÿì òåõíiêè äåìïôóâà-
ííÿ çàðÿäó. Äëÿ êîæíî¨ êðèñòàëi÷íî¨ ñòðóêòóðè ïðî-
âîäèëè ðåëàêñàöiþ ïîçèöié éîíiâ íà îñíîâi ðîçðàõîâà-
íèõ àòîìíèõ ñèë òà âèçíà÷àëè iíòå ðàëüíå íàïðóæå-
ííÿ êîìiðêè.

Öþ ïðàöþ ìîæíà âèêîðèñòîâóâàòè íà óìîâàõ Ìiæíàðîäíî¨ Ïóáëi÷íî¨ Ëiöåíçi¨ Creative Commons 4.0 �Iç Çàçíà÷åííÿì
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À. I. ÊÀØÓÁÀ, Á. ÀÍÄÐI�ÂÑÜÊÈÉ, I. Â. ÑÅÌÊIÂ òà ií.

Äëÿ ðîçðàõóíêiâ åëåêòðîííîãî åíåð åòè÷íîãî ñïå-
êòðà CdS âèêîðèñòàíî åíåð iþ îáðiçàííÿ ïëîñêèõ
õâèëü Ecut−off = 660 eV. Çáiæíiñòü çàãàëüíî¨ åíåð-
 i¨ ñòàíîâèëà áëèçüêî 5.0·10−6 eV/atom. Åëåêòðîííà
êîíôi óðàöiÿ äëÿ àòîìiâ ¹ òàêîþ: Cd � [Kr] 4d105s2, S
� [Ne] 3s23p4, äå ñòàí [Kr] i [Ne] íàëåæàòü äî îñòîâà.
Iíòå ðóâàííÿ çà çîíîþ Áðiëëþåíà âèêîíóâàëè ïî ñi-
òöi ç 4×4×2 k-òî÷îê, îòðèìàíèõ çà äîïîìîãîþ ñõåìè
Ìîíõîðñòà�Ïàêà (Monkhorst�Pack) [11].

Îïòèìiçóâàëè àòîìíi êîîðäèíàòè é ïàðàìåòðè
åëåìåíòàðíî¨ êîìiðêè ç âèêîðèñòàííÿì ìåòîäó
Áðîéäåíà�Ôëåò÷åðà��îëüäôàðáà�Øàííî (Broyden�
Fletcher�Goldfarb�Shanno, BFGS). Îïòèìiçàöiþ
ïðîäîâæóâàëè äîòè, ïîêè ñèëè, ùî äiþòü íà àòîìè,
íå ñòàëè ìåíøèìè çà 0.01 eV/�A, ìàêñèìàëüíå çìi-
ùåííÿ 5.0·10−4 �A, à ìåõàíi÷íi íàïðóãè â êîìiðöi �
ìåíøèìè çà 0.02 GPa. Öi ïàðàìåòðè äîñòàòíüî ìàëi,
ùîá ïðèâåñòè äî âèñîêî¨ çáiæíîñòi ïîâíî¨ åíåð i¨
äîñëiäæóâàíèõ ñòðóêòóð [12�14]. Çîííî-åíåð åòè÷íó
äiàãðàìó ïîáóäîâàíî çà âèñîêîñèìåòðè÷íèìè òî÷êà-
ìè çîíè Áðiëëþåíà (Brillouin zone, BZ) ó çâîðîòíîìó
ïðîñòîði X(0.5, 0, 0), R(0.5, 0.5, 0.5), M(0.5, 0.5, 0) òà
G (0, 0, 0).

Ðèñ. 1. Âèãëÿä îïòèìiçîâàíî¨ ñòðóêòóðè êðèñòàëà CdS
Fig. 1. View of the optimized structure of the CdS crystal

III. ÐÅÇÓËÜÒÀÒÈ ÐÎÇÐÀÕÓÍÊIÂ ÒÀ

ÎÁÃÎÂÎÐÅÍÍß

Ó òàáëèöi 1 íàâåäåíi åêñïåðèìåíòàëüíi òà òåîðå-
òè÷íi çíà÷åííÿ ðiâíîâàæíèõ (p= 0 GPa) ïàðàìåòðiâ
êðèñòàëi÷íî¨  ðàòêè, à òàêîæ çíà÷åííÿ íàéìåíøî¨
øèðèíè çàáîðîíåíî¨ çîíè (Eg) òà ìîäóëü îá'¹ìíîãî
ñòèñêó (B0). Ïåâíå ïåðåâèùåííÿ òåîðåòè÷íî îòðèìà-
íèõ çíà÷åíü äëÿ ïàðàìåòðiâ  ðàòêè âèêëèêàíî íåõòó-
âàííÿì íóëüîâèõ êîëèâàíü òà ïåðåîöiíêîþ çíà÷åíü
åíåð i¨ çâ'ÿçêó ó ôîðìàëiçìi GGA.

Íà ðèñóíêó 2 íàâåäåíî åëåêòðîííó åíåð åòè÷íó äi-
àãðàìó äëÿ êðèñòàëà CdS iç ñòðóêòóðîþ ñôàëåðèò
óçäîâæ âèñîêîñèìåòðè÷íèõ ëiíié BZ çà âèñîêèõ òè-
ñêiâ (10 òà 50 GPa) (ðåçóëüòàòè äîñëiäæåííÿ çîííî-
åíåð åòè÷íî¨ ñòðóêòóðè êðèñòàëà CdS iç ñòðóêòó-
ðîþ ñôàëåðèò çà íîðìàëüíèõ óìîâ íàâåäåíî â [15]).
Òóò åíåð iþ âiäðàõîâàíî âiä ïîëîæåííÿ ðiâíÿ Ôåðìi
(∆E = E − EF).

Ïàðàìåòð Öÿ ðîáîòà Ëiòåðàòóðíi âiäîìîñòi

a = b = c, �A 6.013435 5.95 [6]

V0, �A3 217.454243 �

Eg,0, eV 1.362 0.999 [6]

B0, GPa 55.54 56.84 [6]

B′
0 2.33 3.98 [6]

α, eV −1.16 �

EBZ, eV 1.3958 � (1) �

1.36315 � (2)

A, eV GPa−1 0.01498 � (1) −5.6 10−3

0.02095 � (2) (äëÿ ñòðóêòóðè NaCl) [7]

C, eV GPa−2 −1.04 10−4 � (1) �

−2.79 10−4 � (2)

D, eV GPa−3 1.3 10−6 �

Òàáë. 1. Åêñïåðèìåíòàëüíi é òåîðåòè÷íi ðiâíîâàæíi ñòðó-
êòóðíi ïàðàìåòðè (a, b, c, V0, p = 0 GPa) êðèñòàëà CdS çi
ñòðóêòóðîþ ñôàëåðèò (Eg,0 � íàéìåíøà øèðèíà çàáîðî-
íåíî¨ ùiëèíè, B0 � ìîäóëü îá'¹ìíîãî ñòèñêó òà éîãî ïåðøà
ïîõiäíà âiä òèñêó (B′

0), α � ïîòåíöiàë îá'¹ìíî¨ äåôîðìà-
öi¨, EBZ, A, C, D � êîåôiöi¹íòè àïðîêñèìàöi¨ (1) òà (2))
Table 1. Experimental and theoretical equilibrium structural
parameters (a, b, c, V0, p= 0 GPa) of a CdS crystal with
sphalerite structure (Eg,0 � band gap, B0 � bulk modulus
and its pressure derivative (B′

0), α � volume deformation
potential, EBZ, A, C, D � approximation coe�cients (1) and

(2))

(1)

(2)

Ðèñ. 2. Åëåêòðîííà åíå ðåòè÷íà äiàãðàìà êðèñòàëà CdS çà
òèñêó 10 GPa (1) òà 50 GPa (2)

Fig. 2. Electron-energy structure of a CdS crystal at a
pressure of 10 GPa (1) and 50 GPa (2)
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Àíàëiç ðåçóëüòàòiâ òåîðåòè÷íèõ ðîçðàõóíêiâ åëå-
êòðîííèõ åíåð åòè÷íèõ çîí ïîêàçó¹, ùî íàéìåíøà çà-
áîðîíåíà ùiëèíà ëîêàëiçîâàíà â öåíòði BZ (òî÷êà G).
Öå îçíà÷à¹, ùî êðèñòàëè õàðàêòåðèçóþòüñÿ ïðÿìîþ
åíåð åòè÷íîþ çàáîðîíåíîþ ùiëèíîþ (E(dir)

g ). Ó ðàçi
ïðèêëàäàííÿ ãiäðîñòàòè÷íîãî òèñêó íàéìåíøà øè-
ðèíà çàáîðîíåíî¨ ùiëèíè òàêîæ ôîðìó¹òüñÿ ïðÿìî-
çîííèìè ïåðåõîäàìè (E(dir)

g ), ëîêàëiçîâàíèìè â G òî-
÷öi çîíè Áðiëëþåíà. Çáiëüøåííÿ ïðèêëàäåíîãî òèñêó
ïðèâîäèòü äî çáiëüøåííÿ çíà÷åííÿ øèðèíè çàáîðîíå-
íî¨ ùiëèíè (äèâ. ðèñ. 3). Öåé òåîðåòè÷íèé ðåçóëüòàò
äîáðå çiñòàâëÿ¹òüñÿ ç âiäîìèìè åêñïåðèìåíòàëüíèìè
äàíèìè äëÿ õàëüêîãåíiäiâ êàäìiþ [4]. Çáiëüøåííÿ øè-
ðèíè çàáîðîíåíî¨ çîíè ç òèñêîì óêàçó¹ íà çìåíøåííÿ
åëåêòðîïðîâiäíîñòi çà âèùèõ òèñêiâ. Òàêà ïîâåäiíêà
¹ íîðìàëüíîþ é ñïîñòåðiãà¹òüñÿ â iíøèõ ðîáîòàõ äëÿ
ðiçíèõ ñïîëóê [4�7].

Ðèñ. 3. Ðîçðàõîâàíi âiäíîøåííÿ åíåð åòè÷íèõ ïðîìiæêiâ
(ïåðåõiä G�G) äî ðiâíîâàæíîãî çíà÷åííÿ çàáîðîíåíî¨ çîíè

äëÿ êðèñòàëà CdS ÿê ôóíêöiÿ òèñêó
Fig. 3. Calculated ratio of energy gaps (G�G transition) to
equilibrium value of bandgap for CdS crystal as function of

pressure.

Ïîðiâíþþ÷è òåîðåòè÷íi ðåçóëüòàòè ç åêñïåðèìåí-
òàëüíèìè äàíèìè (äèâ. òàáë. 1), ìîæíà ïîáà÷èòè, ùî
ðîçðàõóíêè â íàáëèæåííi GGA-PBEsol äëÿ êðèñòà-
ëà CdS ïðèçâîäÿòü äî çàíèæåíèõ çíà÷åíü çàáîðîíå-
íî¨ ùiëèíè. Öå çàíèæåííÿ ¹ îñîáëèâiñòþ ðîçðàõóíêiâ
òà ñïîñòåðiãà¹òüñÿ äîñèòü ÷àñòî â íàóêîâié ëiòåðàòóði
[16�18]. Ìåòîþ ðîáîòè ¹ âñòàíîâèòè çàëåæíîñòi îñíîâ-
íèõ åíåð åòè÷íèõ ïàðàìåòðiâ âiä ïðèêëàäåíèõ òèñêiâ.
Çîêðåìà, ôóíêöiîíàëüíó çàëåæíiñòü çíà÷åííÿ øèðè-
íè çàáîðîíåíî¨ ùiëèíè (Eg,p) âiä òèñêó òà ¨¨ êîåôiöi-
¹íòiâ ìîæíà âèÿâèòè, âèêîðèñòàâøè ñïiââiäíîøåííÿ
[19]:

EBZ,p = EBZ +Ap+ Cp2, (1)

äå EBZ � åíåð iÿ â eV, p � òèñê ó GPa, À i Ñ �
ïîõiäíi âiä òèñêó ïåðøîãî òà äðóãîãî ïîðÿäêó âiäïî-
âiäíî. Ðîçðàõîâàíi çíà÷åííÿ E0

g, À i Ñ äëÿ ïåðåõîäó
G�G íàâåäåíi â òàáëèöi 1. Çàçíà÷èìî, ùî êîðåëÿöiÿ
îòðèìàíèõ òåîðåòè÷íèõ ïàðàìåòðiâ Eg(p) ç ôóíêöiî-
íàëüíîþ çàëåæíiñòþ (1) ¹ íåâèñîêîþ (êîåôiöi¹íò äå-
òåðìiíàöi¨ R2 ñòàíîâèòü 0.983). Ç ìåòîþ çíàõîäæåííÿ
êðàùî¨ ôóíêöiîíàëüíî¨ çàëåæíîñòi Eg(p) ïðîâåäåíî
àïðîêñèìàöiþ îòðèìàíèõ çíà÷åíü ïîëiíîìàìè âèùèõ

ïîðÿäêiâ. Çîêðåìà, íàéêðàùó çáiæíiñòü òåîðåòè÷íèõ
ïàðàìåòðiâ Eg(p) îòðèìàíî äëÿ ïîëiíîìà òðåòüîãî ïî-
ðÿäêó (2) (êóái÷íèé ñïëàéí). Êîåôiöi¹íò äåòåðìiíàöi¨
ïiä ÷àñ àíàëiçó ôóíêöiîíàëüíîþ çàëåæíiñòþ (2) ñòà-
íîâèòü 0.999.

EBZ,p = EBZ +Ap+ Cp2 +Dp3. (2)

Ïîòåíöiàë îá'¹ìíî¨ äåôîðìàöi¨ (α, äèâ. òàáëèöÿ 1)
âèçíà÷à¹ìî âèðàçîì [19]:

α =
dEg,p

d lnVp
. (3)

Íà ðèñóíêó 4 íàâåäåíî çàëåæíiñòü âiä òèñêó ïðÿìèõ
òà íåïðÿìèõ çàáîðîíåíèõ ùiëèí äëÿ CdS çi ñòðóêòó-
ðîþ ñôàëåðèò äëÿ ðiçíèõ òî÷îê BZ. Çàçíà÷èìî, ùî
çàëåæíiñòü åíåð i¨ äëÿ ïðÿìîçîííèõ ïåðåõîäiâ (X�X,
R�R, M�M, G�G) âiä òèñêó îïèñó¹ìî êóái÷íèì ñïëàé-
íîì (2) (êîåôiöi¹íò äåòåðìiíàöi¨ R2 > 0.998). Îäíàê
íåïðÿìîçîííi ïåðåõîäè (G�R) òî÷íiøå îïèñó¹ êâàäðà-
òèíà çàëåæíiñòü (1). Îòðèìàíi çíà÷åííÿ ëiíiéíîãî êî-
åôiöi¹íòà òèñêó òà ïîòåíöiàëó îá'¹ìíî¨ äåôîðìàöi¨ íà-
âåäåíî â òàáëèöi 2.

Ïåðåõiä Ëiíiéíèé Ïîòåíöiàë
êîåôiöiåíò òèñêó îá'¹ìíî¨ äåôîðìàöi¨

X�X 0.00595 −0.33

R�R 0.00945 −0.53

M�M 0.0134 −0.74

G�G 0.02095 −1.16

G�R 0.0023 −0.13

Òàáë. 2. Ðîçðàõîâàíi çíà÷åííÿ ëiíiéíîãî êîåôiöi¹íòà òè-
ñêó (â meV/GPa) òà ïîòåíöiàëó îá'¹ìíî¨ äåôîðìàöi¨ (â eV)
åíåð åòè÷íèõ çàáîðîíåíèõ çîí ó êðèñòàëi CdS äëÿ òèñêiâ

âiä 0 äî 90 GPa
Table 2. Calculated linear pressure coe�cients (in meV/GPa)
and volume deformation potentials (in eV) of energy band
gaps in CdS crystal for pressures between 0 and 90 GPa

Ðèñ. 4. Ðîçðàõîâàíå âiäíîøåííÿ åíåð åòè÷íèõ ïðîìiæêiâ
ïðÿìèõ òà íåïðÿìèõ çàáîðîíåíèõ çîí äî ðiâíîâàæíîãî ¨õ

çíà÷åííÿ äëÿ êðèñòàëà CdS ÿê ôóíêöiÿ òèñêó
Fig. 4. Calculated ratio of direct and indirect band gaps
to equilibrium value of them for CdS crystal as function of

pressure
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Àíàëiç ïàðöiàëüíèõ âíåñêiâ îêðåìèõ ñòàíiâ ó ôóí-
êöiþ ïîâíî¨ ùiëüíîñòi ñòàíiâ (äèâ. ðèñ. 5) òà ïàðöiàëü-
íèõ âíåñêiâ îêðåìèõ çîí â åëåêòðîííó ùiëüíiñòü äàâ
çìîãó âèçíà÷èòè ãåíåçèñ ôîðìóâàííÿ çîíè ïðîâiäíî-
ñòi òà âàëåíòíèõ çîí êðèñòàëà CdS iç ñòðóêòóðîþ ñôà-
ëåðèò. Íàéíèæ÷i çîíè âiä −13 äî −11 eV ñôîðìîâà-
íi s-ñòàíàìè S. Ôîðìóâàííÿ iíøèõ çîí, ðîçòàøîâàíèõ
â iíòåðâàëi åíåð i¨ âiä −10.5 äî −9 eV, ïîõîäèòü âiä
âíåñêiâ d-ñòàíiâ Cd. Òàêà ïîâåäiíêà õàðàêòåðíà é äëÿ
iíøèõ ñïîëóê ãðóïè AIIBVI (A = Cd, B = S, Se, Te) çà
íîðìàëüíèõ óìîâ (p = 0 GPa) [6]. Âåðøèíà âàëåíòíî-
ãî êîìïëåêñó ïåðåâàæíî ñôîðìîâàíà ç p-ñòàíiâ S iç
äåÿêèì âíåñêîì p-ñòàíiâ Cd. Ñâî¹þ ÷åðãîþ äíî çîíè
ïðîâiäíîñòi çäåáiëüøîãî ôîðìó¹òüñÿ p-ñòàíàìè Cd i S,
à òàêîæ s-ñòàíàìè Cd. Âðàõîâóþ÷è ïðàâèëà âiäáîðó,
ðåçóëüòàòè ðîçðàõóíêiâ çîííî-åíåð åòè÷íîãî ñïåêòðà
òà ùiëüíîñòi ñòàíiâ, ìîæåìî ïðèïóñòèòè, ùî íàéìåí-
øó çàáîðîíåíó çîíó ôîðìóþòü ïðÿìi s − p ïåðåõî-
äè. Ïðèïóñêà¹ìî, ùî ïðÿìîçîííi ïåðåõîäè (ëîêàëiçî-
âàíi â òî÷öi G BZ) ìîæóòü ôîðìóâàòèñÿ ïåðåõîäàìè
ó çâ'ÿçêó S�Cd, àíàëîãi÷íà ïîâåäiíêà ðåàëiçó¹òüñÿ iç
çàñòîñóâàííÿì òèñêó 0�90 GPa.

Ðèñ. 5. Ùiëüíiñòü ñòàíiâ äëÿ êðèñòàëà CdS ïðè 50 GPa
Fig. 5. Total density of states for CdS crystal at 50 GPa

Íà ðèñóíêó 6 ïîêàçàíî âïëèâ ãiäðîñòàòè÷íîãî òè-
ñêó íà íîðìîâàíèé îá'¹ì åëåìåíòàðíî¨ êîìiðêè òà
ñòàëî¨ êðèñòàëi÷íî¨  ðàòêè êðèñòàëà CdS çi ñòðóêòó-
ðîþ ñôàëåðèò. Ñïîñòåðiãà¹ìî çìåíøåííÿ îá'¹ìó åëå-
ìåíòàðíî¨ êîìiðêè òà ¨¨ ïàðàìåòðiâ çi çðîñòàííÿì
òèñêó. Âèêîðèñòîâóþ÷è îá÷èñëåíi çíà÷åííÿ ìîäóëÿ
îá'¹ìíîãî ñòèñêó B0 çàëåæíî âiä ïðèêëàäåíîãî òèñêó
(äèâ. ðèñ. 7), âèÿâèëè, ùî ìîäóëü îá'¹ìíîãî ñòèñêó
çðîñòà¹ iç òèñêîì çà ïàðàáîëi÷íèì çàêîíîì (4) (êîå-
ôiöi¹íò äåòåðìiíàöi¨ R2 ñòàíîâèòü 0.999).

B0(p) = 86.42 + 2.33p+ 0.13p2. (4)

Ðèñ. 6. Çàëåæíiñòü âiäíîñíèõ ïàðàìåòðiâ êðèñòàëi÷íî¨  ðà-
òêè êðèñòàëà CdS âiä òèñêó

Fig. 6. Dependence of relative parameters of the crystal lattice
of the CdS crystal on pressure

Ðèñ. 7. Çàëåæíiñòü ìîäóëÿ îá'¹ìíîãî ñòèñíåííÿ âiä òèñêó
Fig. 7. Dependence of bulk modulus on pressure

IV. ÂÈÑÍÎÂÊÈ

Iç âèêîðèñòàííÿì íàäiéíèõ ìåòîäiâ òåîði¨ ôóíêöiî-
íàëà ãóñòèíè òà âiäîìèõ íàáëèæåíü ïðîâåäåíî ïåð-
øîïðèíöèïíi òåîðåòè÷íi äîñëiäæåííÿ åëåêòðîííîãî
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åíåð åòè÷íîãî ñïåêòðà êðèñòàëà CdS iç ñòðóêòóðîþ
ñôàëåðèò. Óñòàíîâëåíî, ùî íàéìåíøà çàáîðîíåíà ùi-
ëèíà ëîêàëiçîâàíà â öåíòði BZ (òîáòî â òî÷öi G) i íå
çìiùó¹òüñÿ ïiä ÷àñ çàñòîñóâàííÿ òèñêó. Îòæå, íàé-
ìåíøó çàáîðîíåíó ùiëèíó êðèñòàëà CdS îïèñó¹ìî
ïðÿìîçîííèì îïòè÷íèì ïåðåõîäîì. Îòðèìàíî ãàðíå
óçãîäæåííÿ òåîðåòè÷íèõ çíà÷åíü øèðèíè çàáîðîíåíî¨
ùiëèíè ç âiäîìèìè åêñïåðèìåíòàëüíèìè ðåçóëüòàòà-
ìè.
Òàêîæ ðîçðàõîâàíî ïîòåíöiàë îá'¹ìíî¨ äåôîðìàöi¨,

ïîõiäíi ïåðøîãî òà äðóãîãî ïîðÿäêó âiä òèñêó äëÿ
ïðÿìîçîííèõ i íåïðÿìîçîííèõ ïåðåõîäiâ. Âèÿâëåíî,
ùî çàëåæíiñòü ïðÿìîçîííèõ ïåðåõîäiâ âiä òèñêó òî-
÷íiøå îïèñó¹ êóái÷íèé ñïëàéí. Íàòîìiñòü çàëåæíiñòü

íåïðÿìîçîííèõ ïåðåõîäiâ âiä òèñêó ¹ ïàðàáîëi÷íîþ.
Îòðèìàíi ïàðàìåòðè ïîêàçóþòü õîðîøó êîðåëÿöiþ
ç åêñïåðèìåíòàëüíèìè òà iíøèìè òåîðåòè÷íèìè ðå-
çóëüòàòàìè.
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INFLUENCE OF PRESSURE ON THE ELECTRONIC ENERGY STRUCTURE OF CADMIUM

SULPHIDE CRYSTAL WITH ZINCBLENDE STRUCTURE

A. I. Kashuba1, B. Andriyevsky2, I. V. Semkiv1, H. A. Ilchuk1, M. Ya. Rudysh1,3,4,5, P. A. Shchepanskyi1,3,4,
M. S. Karkulovska1, R. Y. Petrus1

1Lviv Polytechnic National University, 12, Bandera St., Lviv, UA�79046, Ukraine
2Koszalin University of Technology, 2, Sniadeckich St., Koszalin 75�453, Poland

3Ivan Franko National University of Lviv, 19, Drahomanov St., Lviv, UA�79005, Ukraine
4Jan D lugosz University in Cze�stochowa,

13/15, Armii Krajowej Al., Cze�stochowa 42�200, Poland
5Lesya Ukrainka Volyn National University, 9, Potapov St., Lutsk, UA�43025, Ukraine

Cadmium sul�de (CdS) crystal is a representative of AIIBVI crystal group and exhibits typical semi-
conductor behavior. CdS crystal can exist in either zinc-blende or hexagonal (wurtzite) structures under
normal conditions, depending on the growth conditions. These crystals remain an important research �eld
because of their wide application in various �elds of optoelectronic devices. From this point of view, the
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study of structural properties and the dynamics of electronic spectra of CdS crystal under the action of
external pressures is of fundamental interest for studying the process of stabilization in compounds.

We have investigated the e�ect of pressure on the electronic band structure of CdS crystal using
the density functional theory. In this approach, the generalized gradient approximation (GGA) and the
Purdue�Burke�Ernzerhof (PBEsol) parameterization were used for the exchange-correlation potential
calculation. The ground-state properties were determined for the bulk material (CdS) in zinc blende
structure. Structural and electronic properties were studied in the range of hydrostatic pressures between
0 and 90 GPa. The electron band-energy structure and density of states were calculated at di�erent
pressures. The equilibrium structural parameters, bulk modules and bandgaps were calculated and
compared with the available experimental data and other theoretical results. The e�ect of pressure on
the energy gap, total energy, and lattice parameters of CdS crystal has been determined and compared
with other known data.

Key words: electron band structure, bandgap, pressure, volume deformation potential.
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