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MOJEJIb AJIMA3HOI'O CBU-TPAH3MCTOPA

Mooenv nnasnozo 3ameopa noseonsem
paccuumamos XapakmepucmuKku noieevix
anmasuvix CBY-mpanzucmopoe no anexm-
poguzuveckum napamempam aimMazHou
CMpYKmypbl ¢ 0-1e2Upo8anHbIM CJLOEM U NO
2eoMempuyecKum napamempam 31emeH-
Mo8 mpaH3ucmopa.

OcHoBHo¥ TeHIeHHer pazBuTist CBU-anexTpornkmn
B HACTOSIIEE BPEMsI SIBISIETCSI POCT YHCIA MCCIEI0Ba-
HUH B 0071acTH pa3padoTku MPUOOPOB HA OCHOBE IIHUPO-
KO30HHBIX TTOJTYTTPOBOJHUKOB, B YACTHOCTH ajiMasa. Hau-
0oJiee IepCreKTUBHBIM BAPUAHTOM CUMTAETCS MOJIEBOM
(YHUTOJISIpHBIN) TPAH3UCTOP HA OCHOBE ajMasa ¢ MOJLY-
JUPYEMBIM MPOBOSIIIMM KaHaoM. B HacTosmmii Mo-
MEHT BeyTcs pabOThI [0 UCCIIEA0BAHUIO alIMa3HbIX TPaH-
3MCTOPOB JIByX OCHOBHBIX KOHCTPYKIIM B 3aBUCUMOCTH
OT THIIA TIPOBOJISIIIIETO KaHAIA: C KAHAIIOM 71-THIIA B BHIIC
S-1ernpoBaHHOTO GOPOM CIIOSL M ¢ KaHAJIOM p-THUIa Ha
TUAPUPOBAHHON TOBepxHOCTH anmMasa [1]. AnmasHble
TPaH3UCTOPHI BTOPOTO THIIA OCHOBAHBI HAa TIOBEPXHOCT-
HOH ITPOBOAMMOCTH THAPHPOBAHHOTO aMasa.

OO0OHapyXeHo, 4To Mpu 00paboTKe B BOJOPOIHOM
TUIa3Me ajnuMas MproOpeTaeT MOBEPXHOCTHYIO IPOBOTHU-
MOCTB JBIPOYHOr0 TUIA [2]. Takas moBepXHOCTH aIMasa
HacbleHa C—H-cBA3siMU 1 Ha3bIBAETCS THAPUPOBAHHOM
(unu ruIporeHn3upoBanHoi ). MiccnenoBanus nokasanm,
9TO MPOBOIINUI KaHAN HAXOAUTCS Ha TIyOHMHE OKOJIO
10 HM 1O TOBEPXHOCTHIO M 00J1a1a€T TOIIIUHON OKOJIO
1 HM, T. €. (PAKTHYECKH SBISETCS BBIMIEYTIOMSIHYTHIM O-
CIIOEM WJIM TaK Ha3bIBACMBIM TBYMEPHBIM JBIPOYHBIM
razoM. Takue cBoOWCTBA THAPUPOBAHHOTO ajiMasa Io-
3BOJISTIOT M3TOTOBHUTH TIOJIEBOM TPAH3UCTOP HA €r0 OCHO-
Be [1—5].

Jlst mpoBeieHNst CCIIEI0BAHUM TAKUX TPAH3UCTOPOB
HY)KHa MOJIeITb, KOTOpasi Obl JOCTaTOYHO XOPOIIO OIH-
ceiBasIa UX paboty. B Hacrosmeit pabore mpemoxeHa
MO/IEITb, TO3BOJISIOIIAS PACCUUTATH XapaKTePUCTUKH T10-
JIOOHBIX MMOJIEBBIX AJIMA3HBIX TPAH3UCTOPOB TI0 AJIEKTPO-
¢du3znUecKkuM napamMerpam aiMa3zHOro MaTepuania 1 reo-
METPUYECKHUM MapaMeTpaM dJIEKTPOJIOB.

Pabora BbIOTHEHA B paMKax IPOEKTa
PODU Ne 11-07-00288.

Koncrpykuus CBU-rpansucropa

B kauectBe ocHoBHOI koHCTpykIuu CBY-Tpan3uc-
TOpa BBIOPaH MOJIEBOM TPAH3UCTOP Ha OCHOBE alIMa3HOM
IUIEHKHU C IPOBOJIAILEH THAPUPOBAHHOM TOBEPXHOCTbIO,
cXxeMa KOToporo npescrasieHa Ha puc. 1. Kontakrter uc-
TOKa M CTOKA M3TOTABIMBAIOTCS U3 METajlia, 00pasyro-
LIETo C TUAPUPOBAHHON MOBEPXHOCTHIO ajiMa3a OMHYe-

Ucrtoxk 3atBop Crox
Anmas
IT o i
Lgg L Lpg POBOMATIIH
I xt cioi

Puc. 1. Cxema moneBoro TpaH3uCTOpa Ha THAPUPOBAHHON
MOBEPXHOCTU ajiMa3a

CKH{ KOHTAaKT (KaK MPaBUJIO, U3 30JI0Ta), a 3aTBOpa —
oOpazytomero 6apbepHbIii kKoHTakT [LloTTKH (Kak mpaBu-
JI0, W3 AJTFOMHUHIS).

PacueTs! mpoBOAMIINCE AJIS TPAH3UCTOPA € 3aTBOPOM
[loTTkM Kak HanboIIee MPOCTON KOHCTPYKIMUA. OHHU MO-
T'YT OBITH JIETKO 00OOIICHBI HA TPAH3UCTOPHI TUTIA «ME-
TaJIF—/AUANIEKTPUK—IIOIYIPOBOIHHK, B KOTOPBIX MEK-
Jy TIOJTYMPOBOAHUKOM M KOHTAKTOM 3aTBOpA MMEETCSI
CJIOH AMANEKTPHKA.

i OCTHXKeHHS BBICOKOTO TOKA «UCTOK—CTOK» U
MaKCUMaJIbHBIX pa00YUX YacTOT TPAH3UCTOPA [IMHA 3a-
TBOpa L 10/KHA ObITh MUHUMAJIbHOM, UTO OTNPEIENAeTCs
JOCTYIHBIMHM TEXHOJOTHSIMHU. J[JIMHBI 3a30pOB KOHTAaK-
TOB «HCTOK—3aTBOP» L U «CTOK—3aTBOP» L, Tak-
K€ JIOJDKHBI ObITh MUHUMAJIbHBIMH JUISI YMEHBIIICHUS CO-
MIPOTHBIICHHS BXOJHBIX Y4aCTKOB. MUHHUMAJIbHAS BEIU-
YHHA 3230POB OIPEIENACTCS HE TOITHKO BO3MOXKHOCTIMH
TEXHOJIOTHH, HO ¥ TPEOOBAHUEM HEIOIYCTUMOCTH MIPO-
0051 TpU MaKCUMATBHBIX pabounx HanpspkeHusx. [npu-
Ha 3aTBOPA ONPECISIET XapaKTEPUCTUKU TPAH3UCTOPA.

Moaesb MJIABHOTO KaHaJja

PaccmoTtpum nosieBoit TpaH3UCTOp C JUIMHOMN 3aTBOpa
L y mupunoi W. Ilycts ocbk X — BIOJIb 3aTBOPA, OChb )
HalpasJieHa BIIIyOb MONTynpoBoAHuKa. IIpeHeOpexkem
PACCTOSIHUSAMH MEX/1y 3aTBOPOM U HCTOKOM U 3aTBOPOM
U CTOKOM (B JaJlbHEHIIeM OHU OyAyT YUTEHBI KaK BHeE-
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OYHKIIMOHAJIbHASI MUKPO- 1 HAHOSJIEKTPOHUKA

IIHHE CONPOTHBIICHN). [Ipn yCIoBIUH MajIoCTH PpoI0ITh-
HOTO I10JISt 110 CPABHEHHUIO C MONEPEYHbIM (£ >E y) o
3aTBOPOM 00pa3yeTcst MPOBOISIIII KaHA BIOJb OCH X,
YTO Ha3bIBaeTCs MPUOIMKEHHEM TITaBHOTO KaHana. dop-
MyJIa JUIsl BBIYMCICHUS IUIOTHOCTH TOKAa B KaHAJle B Ha-
MIPaBICHUH OCH X UMEET BH/L:

J=qnv, (1

TJIe ¢ — DJEMEHTAPHBIA 3apsif;
n — o0beMHas IUIOTHOCTh HOCUTENEH 3apsna;
V — CKOPOCTb HOCHUTEJIEH 3apsijia BAOIb OCHU X.

IIpu ManbIx 3HAYEHHUSX HAMPSHKEHHOCTH MO £ CKO-
POCTb HOCUTEJIEH 3apsiia JMHEHHO 3aBUCUT OT HaIlpshKe-
HUA: vV=WUE, rae W — MOABWKHOCTh HocuTenel. [Ipu cko-
pocTsix okono 107 cM/c MPOMCXOAUT HACKIIIIEHHE CKOPO-
CTH HOCHUTEIIeH 3apsijia B atMase, 9TO MOXKET ObITh y4Te-
HO C ITOMOIIBIO CJEAYIOUIEH 3aBUCUMOCTH:

V=UE/(1+UE/v ),

1€ v, — CKOPOCTh HACBILICHUS.

B crarnyeckom ciyyae (rotE),=d E, —dyEx=0, U TIpu
JIOCTaTOYHOM IUIABHOCTH KaHasa (cna6va;1 3aBUCUMOCTb
n, E, or X) KoMIoHeHTa £ cnabo 3aucur ot y. [lostomy B
TIPEITONIOKEHNH HE3ABUCUMOCTH L ¥ £ OT KOOPIMHATBI
MO>KHO MPOUHTErpupoBath ypaBHeHus (1), (2) mo y u
MOJTYYHUTh IIOBEPXHOCTHYIO ITIOTHOCTH TOKa

j, =QS(X)L’(X)=IA7
1+pVix)/v, W

()

3)

e O (X) — MOBEpXHOCTHAS IUIOTHOCTH 3apsija,
0,(x)=qfdyn(x,y);
V(x) — moTeHIMan HEMOCPEACTBEHHO IO/ KAHAJIOM;
Iy — TOK «HCTOK—CTOKY.
B Mozenu mraBHOTO KaHajga MOBEPXHOCTHAS IUIOT-
HOCTb 3apsi/ia OMMCBIBACTCS CIECIYIONUM 00pa3oM:

0,(x)=C,[Vs =V, —V(x)], (4)

rae Ci — TIOBCPXHOCTHAasA €EMKOCTH MMOA3aTBOPHOTO AUIJICK-
TPUYCCKOI'0 CJIOA;
VGS — HaIpsHKEHUEC 3aTBOPA OTHOCUTCIIBHO HCTOKA;

V,— Hekoe IIOPOroBO€ HaIpPsKEHHE, OIpPEenieMoe
CBOICTBaMHU TTOBEPXHOCTH «3aTBOP—IUIJICKTPHK
(MOJTyTPOBOJTHHUK )».

B craunonapuom ciyqae [, ~const, u ypaBHenue (3)
MOXET OBITh IPOMHTETPUPOBAHO C YUETOM IPAaHUIHOTO
yenoBus V(0)=0. [anee, pemias kBapaTHOE ypaBHEHHUE
v nipuMensis rpannnbie yenosus V(0)=0, V(L)=V o (Vg
— HaMpPsHKCHUE CTOKA OTHOCHUTEIHHO MCTOKA), MOYKHO
MOJTYYUTh pacHpeieieHue MOTeHINAala BIOIb KaHaa 1
BOJIBT-aMIIEPHYIO XapakTepucTuky (BAX) mpu ycnosuu,

4TO TOK IDS HE MPEBBIIIACT TOKA HACBIIIICHUSA IDSSLII:

— HCZW VD2Ssat (5)
DS sat L 2 :

3neck V)., — HANPSDKEHUE HAChIEeHust (npy V>
4

DSsat C pOCTOM HaIPSKCHUA 3HAYCHUC TOKAa «UCTOK—

CTOK» OCTAETCs MOCTOSHHBIM: [ =/ ):

I,.<I

DS

1+2£—1 ,
Vv

5

VDS sat = V

S

[J1€ NOTEHIUAN V OTIPEEIsIeTCs KaK
V=v L.

B peanbHBIX TpaH3UCTOPaX KOHTAKTBI JOJKHBI HAX0-
JUTHCS Ha OIIPEJEICHHBIX PACCTOSHUAX IPYT OT APYra BO
n30exaHne 1mpodos, 0COOEHHO Ha YJacTKe «3aTBOP—
CTOK» B PEKMME HACBIIICHUSA VDS > VGS— Vr . Yto0OBI
YUYECTb CONPOTHBIEHUE KOHEYHBIX MEXKAIEKTPOIHBIX PO-
MEKYTKOB, MOYKHO HCIIOJIb30BATh SKBUBAJIECHTHYIO CXEMY
TPAH3UCTOPA, BKJIIOYAIOIIYIO COIPOTUBIICHHS Y4acTKOB
«HCTOK—3aTBOP» R M «3aTBOP—CTOK» R, (pHC. 2).

Vas
Vs
Ry ¥ R)
'=—I:I—¢—é 9—<'—|:|—='
Vbs
Vps

Puc. 2. DkBHUBajeHTHas cXeMa I10JIEBOIO TPaH3UCTOpa
C YYETOM COINPOTHUBJICHUH YYaCTKOB «HCTOK—3aTBOP»
U «3aTBOP—CTOK»

O6o3Haunm vepes Vo u V], . «BHyTpeHHUE» HATps-
JKEHHs B IIOJIEBOM TPAH3UCTOPE, T. €. 0€3 yyera ydacT-
KOB «HUCTOK—3aTBOP» U «3aTBOP—CTOK». CoracHo cxe-
Me Ha pHcC. 2 HallpsHKEHHS B TPAH3UCTOPE C YIETOM 3THX
Y4YacTKOB PaBHEI

4 RSIDS

Vos =V, ; 6
@ . l_RsIDs”/(V.vLGS) ( )
, R¢1
Vs =Vps + S=PS +
1-RgI o1/ (v,Lg;)
R,I
" p’ps , 7
I=RpIpsh ! (viLpg)
e Lgg, L, ; — MIMHBL YYaCTKOB «UCTOK—3aTBOP» U

«3arBop—CTOoK» (cM. puc. 1). TOk «nCTOK—CTOK» 3/1€Ch
OTIPEICIISICTCS «BHYTPEHHUMI HANIPSHKCHUSIMA TPAH3U-
cropa Kak I,¢ =1, (Vig,Vps)-

B nmanphefiem ams HanpsbKeHUH 3aTBOPa, OTCUUTHI-
BAaEMBbIX OT HANPSDKEHUsS OTCEUKH V., Juist ynobersa Oy-
JIEM MCII0JIb30BaTh 0003HAYCHUS

U=Ve —Vrs

U'=V -V,.

B pexunme Hachiienus TOK /)¢ He 3aBUCHUT OT HaIpsi-
xenuit V., V], .. CornacHo ypaBHeHHIO (6) MOXHO M0-
JY4YUTh YpaBHEHHUE, CBA3BIBAIOILEE «BHYTPEHHEE) HATIPSI-
skeHue 3atBopa U’ ¢ «sHemHuM» U, Ero peliieHue B Bujie
U’'(U) He MOKeT OBITh BBIPAXKEHO B TEPMHUHAX aHAJIUTH-
YeCKUX (YHKIIMHU, TO3TOMY JIOJKHO PEIIaThCs YUCIICH-
HO. Perienne JOIKHO yIOBIETBOPATE yemoBuio 0<U'<U.
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Berauciue U', MOXKHO HAlTH «BHYTPEHHEEY» HAIPSDKe-
4

HHUE HachlLEHus Vg . a 3areM V¢ 10 ypaBHEHHIO

(7). Ans pexxuMa, IpelecTBYIONMEro HACKIIEHUO,

T. ¢ npu Vo< Vg .» B Cllydae korna L, = L, BHy-

TpeHHee HanpspKeHue 3aTBopa U MOKHO HAWTH aHAIH-

traecku. [Ipu R=R =R monyanm

U-U'=

Vo +V. +AB—\/[VDS +V, + AB|' =8B DV,
B 4D
e A=2-V,JV 5 B=RUWC(WIL)V (U-V,/2);
D=1-B/V,; V,;= v.L /.

s> "5

. (®

J1s mpoBepKy MOJ1eu ObLTH HCTIOJIb30BaHbI JAaHHBIE,
OITyOJIMKOBAHHBIE IO aJIMa3HBIM ITOJIEBBIM TPAH3HCTOpaM
[3—7]. OTr TpaH3UCTOPHI U3rOTABINBAINCH HA THIPH-
POBaHHOI MOBEPXHOCTH ajiMasa, 00JIaJarolIeii mpoBo-
JIMMOCTBIO p-THUTIA C TIOBEPXHOCTHOM KOHIIEHTpaIuen Ho-
cureneii 3apaza (0,5—1,0)x10'3 ¢M~ 1 moaBUKHOCTBIO
u=50—150 cm?/(B-c) npu KoMHaTHO#i Temneparype. J{is

a) -700 T T T T T
L.=0.1um
E -600 + w(;:so um VGS: 1
3 -500 | SV
=
HE 400 -
o -2V
g -300 :
i
5 \'
& -200 — 1
it
a
-100 — OV
————— 1V
0
0 -2 ) 6 -8 -10 -12
Drain voltage VDS V)
0)
600 - - | |
; 500 | V=3B |
<
#0400 | 2B
3
2300 | 1B |
§ =
S 200 ]
o
2 0B
£ 100 | .
0 -2 —4 -6 -8 -10 -12
Hanpsokerne V), B

Puc. 3. BAX anma3Horo mojeBoro TpaH3MCTOpa, MOTyUYeH-
Hasi HKCTIIEPUMEHTAIILHO B [7] (@) 1 paccuuTaHHasi B HaCTOS-
mei pabote (0), A1 Pa3IMYHBIX 3HAYCHUN HATPDKCHHUA Vi

IIPOBEJEHUS PACUETOB U JAJIbHENIIIEI0 CPABHEHUS BOJIBT-
aAMIIEPHBIX XapaKTEPUCTHK OBLT BBIOpaH 00paser ¢ Makx-
CUMAJIbHOM YJIeNIbHOM IMJIOTHOCTHIO TOKA B CTATUYECKOM
pexume: [, /W=550 MA/mm [7]. OGpasen 6611 M3TOTOB-
JIEH Ha NOJHMKPUCTAIUIMYECKOM ajiMa3e ¢ KpUCTaJINY-
HOCTBIO 0K0JI0 100 MKM, IpenMYyIIIeCTBEHHOM OpUEHTA-
et (110), KOHTaKTHI CTOKa M NCTOKa — U3 30J10TA, 3a-
TBOpa — U3 anoMuHus. Jnuna 3atBopa L=0,1 MKwMm,
mupuHa 3aTBopa W=50 MKM, paccTOSHHs «CTOK—3a-
TBOP» M «3aTBOP—HUCTOK» Lo =L - =0,5 mxm. [Tockob-
Ky B [7] He mpuBOAsTCA 3HaUEHUs W, P U C; IS IAHHOTO
o0pa3sa, 11 pacdeTa ObUTH B3STHI YCPEIHEHHBIE TS MO~
JIOOHBIX TPAH3UCTOPOB 3HAYCHUSI TTOIBIYKHOCTH M TTOBEPX-
HOCTHOTO conpotusnenus: U=100 cm?/(B-c), p=7 kOm.
[Tpu 3TUX UCXOTHBIX JaHHBIX 3HAUEHHS COMTPOTHBICHUS
Y4aCTKOB «CTOK—3aTBOP» M «3aTBOP—HUCTOK» COCTa-
BuM Rg=R ;= p Ly/W=70 Om, KaK B MOJIEN TPaH3H-
cropa B [8]. YoenpHasi eMKOCTh MOJ3aTBOPHOTO CJIOS
ObLIa ompesesieHa Ui APYroro oopasia u3 BOJbT-(a-
pajHbIX XapaktepucTrk B [4]: C; =1 mxd/cm? B quama-
30He HanpsokeHuit Vo= -2...0 B. [lepexon ot p-Tuna
TpaH3UCTOpa K N-TUIY YYUTHIBAJICSA 3aMEHOM 3HAKOB B
3HAUYEHUAX HAPSDKEHUH «CTOK—HUCTOK», «3aTBOP—HUC-
TOK», TOKa «UCTOK—CTOK». HanpsikeHue orceuku npu
pacderax BAX B COOTBETCTBUH C 3TUM BLIOpANU pas-
HBIM VT:1 B. PaccunTtanuble o MOJEIN IUIaBHOTO Ka-
Haja C y4eTOM CONPOTUBJICHUH Ry U R, BOJBT-aMIIep-
HbIE XapaKTEPUCTUKH U KPUBBIE UX KPYTH3HBI BMECTE C
BBIOpaHHBIMH JJIs CPAaBHEHHS DKCIIEPUMEHTATIbHBIMU JIaH-
HbIMH u3 [7] npuBeneHsl Ha puc. 3 u 4. 371ech BUTHO

W 150 -500
2 400 E
E 100 ’ i
¢ 300 %

=
g so =
= -
-200 ¥
g 5
=]
2 0 <
g -100 5
- £
= [=]
50 0
3 2 1 0 -1 -2 -3 -4
V. (V)
GS
6) ‘ ‘ ‘ ‘ .
=
g 150 - 1
&
O
=
oI
< 100 ¢ 8
m
<
jus]
o™
=
> 50
Y
M
0 1 L L 1
0 1 2 3 4 5
Hanpsokenne Vi, B

Puc. 4. Kpyruzna BAX anma3HOTO MoJIeBOTO TpaH3HUCTOPA,
MOJy4YeHHOW J>KcmepuMeHTanbpHo B [7] (a) m paccuu-
TaHHOH B HacToswei padore (6) npu Vo= 8 B
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OYHKIIMOHAJIbHASI MUKPO- 1 HAHOSJIEKTPOHUKA

KaueCTBEHHOE COINIACOBaHUE IIPUBENEHHBIX JaHHbIX. OT-
JIYHSI MOTYT OBITH OOBSICHEHBI PSIIOM HEYYTECHHBIX d(-
(hexToB, HaITpUMEp 3aBUCHMOCTbIO MTOABHKHOCTH HOCH-
TeJe 3apsiyia OT HAMIPSDKEHHOCTH TOJIs, 3aBUCHMOCTBIO
€MKOCTH MOA3aTBOPHOTO €105 C; OT HANPSHKEHUH, BbI-
COKUM 3HaU€HUEM HaIlpsHKEHHOCTH 0SSl HA YYaCTKe «3ar-
BOP—CTOK» B PEKHME HACBILICHHUS U TIP.

Moaesb JIABHOTO KaHAaJIa B cay4dae
NMEePEMEHHOI0 TOKa

PaccMoTpuM Moiens TUTaBHOTO KaHasIa B CITydae Te-
pemMeHHoro Toka. Hampsixenue, mojaBaeMoe Ha TpaH3U-
CTOP, COCTOUT U3 MIOCTOSTHHOT'O HANIPSKEHHS CMEILECHHS
U TIEPEeMEHHON CHHYCOMIAIbHON dacTu. PaccmoTpum
110/13aTBOPHBIN ci1oil. [Ipennonoxum, 4To JIHMHA BOJIHBI
MHOT0 OOJBIIE pa3MepOB TPAH3UCTOPA, M TOTIA OUCBHI-
HO, YTO TIOBEPXHOCTHAS TUIOTHOCTH TOKA (3) ¥ MOBEpX-
HOCTHAs MJIOTHOCTH 3apsja (4) 3aBUCAT OT BPEMCHHU 1.
[Tostomy BMecTO opmyi (3) u (4) 3anumiem

o Vix,r)
1+uo Vi /v,’

J,(x,0) = 0, (x,1)

0, (x,1) =C, [Vy (1) =V, =V (x,1)]. 9)

B ciryuae nepeMeHHOTo0 TOKa /| YIOBJIETBOPSIET yCIIO-
BUIO HEIIPEPBIBHOCTH

9j, (x,1) N 00, (x,1) _
0x ot

I'pannvHbIC yCIOBUS AT TOTeHIMana V(x,t):

0. (10)

V(0,6=0, V(L,t)=V p(0). (11)
3Ha‘{eHI/I$I TOKa Ha FpaHI/H_IaX KaHalia
Wi (LO=I(0); W[jL,0)-(0,0]=12), (12)

e [ ', — TOK, BBITEKAIOIINH U3 CTOKA; [ ¢ — TOK BTeKa-
IO B 3aTBOP (0€3 ydera BKIa/1a y4aCTKOB «HUCTOK—
3aTBOP» U «3aTBOP—CTOKY).

Pemenue ypasuenutii (9), (10) ¢ rpaHU4HBIMU yCIIO-
Busimu (11), (12) narot XxapakTepUCTHKU TPAH3UCTOPA B
Cllydae IepeMEHHOTO TOKa B JAHHOH MOJIEITH.

Jasnee npeamnonoknm, 9o eMKOCTh C; He 3aBHCHT OT
noreHIanoB. J{is ynoOcTBa BBeieM 0003HaYCHHS

U=V (1) — Vs FE=V () — V= V(x,0). (13)

Ypasuenue HenpepbiBHOCTH (10) ¢ yaeTom (9) B aTHX
0003HauEHHUAX IPUHUMAET BUJL

OF (x,1) =i 1_EaF(x,t) _IX
ot ox v, Ox
XuF(x,t)aF(x’t)}. (14)
ox

Hawu6o1bIi1yto MOIIHOCTE TPAH3UCTOP Pa3BUBALT MIPU
OONbIIMX HANPSKEHUAX CTOKa V.. Tak kak Hanpsoke-
HHE 3aTBOpa (0T HANPSIKCHHUS OTCEYKH ) OTPAHUYEHO Ha-
npsbkeHreM rnpodos U=5...8 B (s 3atBopos HloTTkn),
TPAH3KUCTOP B 3TOM Cliydae paboTaeT B PeKUME HAChI-
tieHust. [loaToMy nanee orpaHuIMMCS PacIeTOM PEKHU-
Ma paboThl TPAH3UCTOPA, B KOTOPOM YCJIOBUE HACHIIIIC-

Hus Vo (6)> V) ., (f) BBIIONHAETCS JUISL TIOOOTO MOMEH-
Ta BPEMCHU 1.

Hanpspkenue, nogaBaeMoe Ha TPAH3UCTOP, COCTOUT
13 TIOCTOSIHHOTO HATIPSDKEHHS CMEIIIEHHS U CHHYCOUAJThb-
HOW YacTu. [103TOMY eCTeCTBEHHO MPe/ICTaBUTh MOTEH-
uuanel U, F' B BUJle CyMMBI IOCTOSIHHOW YaCTH U 3aBU-
CSIIIMX OT BPEMEHH MOTSHIINAIOB, oOparmatonmxcs B 0 B
CTaIlMOHAPHOM CITy4Jae:

Un=Utu(1);

Fx,)=U -V, 1—1/1—% + f(x,0).

[l ynoOcTBa B TajibHEHIIIEM BBeIeM Oe3pa3MepHbIi

(15)

napameTp Yy 1 0e3pa3MepHyI0 KOOpAUHATY X :

Vs,
— DSsatzl 1+2£_1 : f:l—i.
W, 2 14 L

(16)

s

B nanubIx 0003HaueHUSAX ypaBHEHHUE HETIPEPHIBHOCTH
(14) mpuobpeTtaet BU

YV, +~J50_f(%,1)
(v+x)v +50, fx0) |

(17)

rpaHI/I‘IHOC YCJIOBHE CO CTOPOHBI UCTOKA:
FE=10)=u().

Ypasuenue (17) BHITIOIHIETCS aBTOMATHIESCKH B CTa-
nuonapHoM ciydae (=0). Cormacuo (12), ¢ynkuus f

nipu X =0 onpeenseT TOK CTOKa MOJIEBOTO TPAH3UCTOpa:
I (D=1t (1), (18)
e i, (t) =WCy, f(0,1), 1, =2y*WCwV..

311eCh MOCTOSAHHAS YaCTh [, COBNAAET C TOKOM «HC-
TOK—CTOK» (5) B peXKHM€ HACBILICHUS B CTAIIHOHAPHOM
ciydae.

Tox 3aTBOpa 3aBUCHUT OT MPOU3BOTHOMN

I (6) =I5 (t) =WCw, [ 2y (Y +1)V, +u(t) |

RATNCON
(y+1)V, +9,f (%D

(19)

YpaBHeHue HenlpepbIBHOCTH (17) HEMTHHENHO U B 00-
IeM cIydae JOJDKHO PEIIAThCsl YUCICHHO, OJHAKO B
pexuMe crnadbIX CUTHAJIOB OHO MOXET OBITH PEIICHO
AQHAITUTHIECKH.

PexnM cabbIX CHTHAIOB — 3TO PEXUM, IIPH KOTO-
POM aMITITUTY/bI 3aBUCSIIIUX OT BPEMEHH CUTHAJIOB MaJIbI
10 CPABHEHHUIO C UX TOCTOSIHHBIMU 4acTsMH. B 3ToM ciy-
Yyae B ypaBHEHUH HENPEPBIBHOCTH (17) MOKHO OrpaHu-
YHUTHCS JIMHEHHBIMH WICHAMU Pa3JI0KEHHs 10 CTETICHIM

GbyHKIWH f

16
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NE
o 'Lox f+y8x(\/_f(“))

JIuneiliHbie ypaBHEHUS Oy CKAIOT pa3ieieHHE IEpeMeH-
HBIX X, . B cilydae cHHyCOMIaJbHBIX CUTHAJIOB YaCTOTHI
(O] YIIOGHO TMOJIB30BATHCSA KOMIUIEKCHBIMU aMILITUTYJaMU

u(t)=ue'; flx,y=flx)e, 21)
[oJpa3yMeBasi, UTO U3MepsieMble HANpPSKEHHUS U TOKH

HPENCTABIAIOT COOOH BEIECTBEHHYIO YaCTh KOMILIEKC-
HBIX (QYHKIIUH. 3aMEeHON IepeMEeHHOM

z=ei"/6a1/3 (\/}+Y),

rae f=2Lw/ (yv,), ypaBHeHue (21) 11t CHHYCOHaIb-
HBIX TTOTEHIIUAJIOB (22) CBOJUTCS K BUAY

dz(zd (ff)}ﬁf.

OO1ee peieHre TOro ypaBHEeHUsI MOXKHO 3aIicaTh
B BHUJIC

of (X,1) _ 2y v, d (20)

(22)
(23)

f() = f{c Ai [ GOV (J}+y)] +
+C, Bi’ [e”‘“a“ (Vx+ Y)]}

e Ai'(z), Bi'(z) — npoussomubie Gyukiwii Diipu Ai(z),
Bi(z).
PeriieHue, yI0BIETBOPSIONICE TPAHHYHOMY YCIIOBHIO

(24)

co cTopoHbl ucToka f (X =1,1) =u(t) , umeeT BUJ

FE=t Bi'(z,) Ai'(F) — Ai'(z,) Bi'(F)
Jx Bi'(z) Ai'(z) - Ai'(z,) Bi'(z))’

(25)

e F =e™%a'? (\/% + Y) Y BBEJIICHBI ClIeAYIOINEe 000-

3HAYEHUs U1 [IEPEMEHHOH z Ha TPaHULIaX 3aTBOpa:
™63

Z a Y, Zl _elTE/6 1/3 (1+Y) (26)
Penrenue (25) KoHEYHO HA KOHIIE 3aTBOPA CO CTOPO-

HbI cToKa ( X =0).
Bocnonp3oBasimcs cBoiicTBOM (pyHKIHI Diipn

Bi'(z) Ai(z) - Ai'(z) Bi(z) =1/m (27)
Y TpaHUYHBIMU ycrnoBusaMU (18), (19), MOKHO MOTYyIUTh
AMILUTUTY/IbI TOKOB CTOKA U 3aTBOPA. AMIUTUTY/BI TOKOB
3auIleM B BHJC MaTPHUIIBI Y-1apaMeTpoB MPOBOIUMO-
CTH TPaH3UCTOPA!

=Y,v

11 Vgs + Y12 vds;

ld =Y21 Vgs + YZZ vds’ (28)

e i ,— TOK, BXOJIAIINI B 3aTBOD;
[, — TOK, BBIXOJAIIMHA U3 CTOKA;
Vs Vgs —— CKOPOCTb HOCHTEICH 3apsjia Ha y4acTKax «Hc-

TOK—-CTOK» U «3aTBOP—CTOK».
B pexume HachIIIEHUS TOKU HE 3aBUCAT OT HalpsiKe-
HHUS CTOKA, ostomy Y,,=Y,,=0. Henysesbie KoMIOHEH-
Thl MAaTPULbI IPOBOAUMOCTEH UMEIOT BUJL

_ in/3 213
11 = CWy ye™ o x

< Bi'(z,) Ai(z)) — Ai'(z,) Bi(z,) -7
Bi'(z,) Ai'(z)) - Ai'(z,) Bi'(z)

_ in/3 213
5 =C Wy ye™ o X

n—l

X .
Bi'(z,) Ai'(z) - Ai'(z,) Bi'(z))

OTH mapaMeTpsI MO3BOJIIOT PACCUUTATh KO DHHUIH-
€HT yCUJIEHHs TPAH3UCTOPA 110 TOKY H,, B PEKHUME KO-
POTKOTO 3aMBIKaHHsI Ha BBIXOJIC, KOTOPBIN HE 3aBUCHUT OT
COIPOTHUBIICHUH YYaCTKOB «MCTOK—3aTBOP» U «3aTBOP—
CTOK» U yAeNnbHOU eMkocTH 3atBopa C':

Y 1

Ha=y = x[Bi(z,) Ai() - Ai'(z) Bi(z)] =17 O

(29)

Hawmu 6pu1a paccunTaHa 4acTOTHAS 3aBUCHMOCTD KO-
>pduumenta H,,. B pacuerax nosaranm rnojBuxHOCTb
u=100 cm?(B: c) CKOPOCTb HACBINIEHHS JILIDOK V PaB-
noit 107 cm/c. TloaydeHHbIe TaHHBIE CpaBHI/IBaJ'II/ICB c
OImyOIMKOBaHHBIMH B [7, 9].

Ha pmc. 5 npescraBneHs! MaloCUTHAJIbHBIE ITApAMET-
Bl aJIMA3HOI'0 TPAH3UCTOPaA ¢ AUHOM 3aTBOpa L=0,1 MM,

a) L0 pun, We=100
40 . Bt
-0 v
st " -
- .l U DS——IOV
8 ©8e
s 27 MsG 1
£ -6dB/oct
E 10F |h21|2 ~ / .
f,,.=88GHz
_10 A A ko a s aal A i aaaal
1 10 100

Frequency (GHz)
0)

Koadduumenrt ycunenus
o ToKy, 1b

1 2 5 10 20 50
Yacrora, I'T

100

Puc. 5. Pesynbrarsl u3MepeHHs MaJOCUTHAIBHBIX XapakTe-

pucTUK TpaH3ucTopa ¢ mmHoi 3arBopa 0,1 mxwm [7] (a) u

JacTOTHAsl 3aBUCUMOCTh Kod(ddunnenTa yCcuieHus no TOKY,
paccuuTanHas B Hactosiel pabore npu U= 0,6 B (6)
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MIpUBEJICHHBIC B [ 7]. YUUTHIBas, YTO HANPSHKEHUE OTCEU-
xu VB [9] cocrasnsier okono 1 B, mpumem HampspkeHue
3aTBOpa OT HanpspkeHus orcedkun U= —1 B (c yuerom
POTHUBOMONOXKHOTO 3Haka U=1 B). Y4er yuacTkoB «uc-
TOK—3aTBOP» U «3aTBOP—CTOK» CBOAMIICS K TOMY, UTO
B HAIIMX pacderax cornacHo coorHomeHnuo (30) Bce
IapaMeTpbl PACCYUTHIBAIMCH 10 «BHYTPEHHEMY» Hampsi-
JKEHHIO 3arBopa U’, CBA3aHHOTO C «BHEIIHUMY HAIPSI-
skeHueM U. OTMETUM, YTO 3HAYEHUS 1715l «BHYTPEHHET O
HanpspkeHus 3aTBopa U HAXOMIIUCH U3 aHAM3a KBHU-
BaJICHTHOW CXEMBI TPAH3UCTOPA C YYETOM COIPOTHBIIE-
HUH «HCTOK—3aTBOP» U «3aTBOP—CTOK» (CM. pHC. 2).
Kak u panee, mpu pacuere CONpOTHUBICHUS BXOAHOTO U
BBIXOIHOTO YYaCTKOB Y/I€IbHOE CONPOTHBIICHUE BHIOU-
panock paBHbIM 7 KOM. Paccuntannoe «BHyTpeHHEE)
Hanpspkenne Ha 3atsope U=0,6 B. Kak BugHo U3 puc. 5,
pacyeTHas Npe/IesbHAs 4acToTa yCHIEHHS 10 TOKY f7, P
Kkotopoit |H, [* =1, paBua 66 I'T1, a pasmiane ¢ n3Me-
peHHbIM 3HaueHHEeM 45 ' MOXKXHO OOBSCHHUTH OTCYT-
CTBHMEM TOYHBIX 3HaUCHHUH MapaMeTpoB o0pasiia, Ha Ko-
TOPOM TPOM3BOJMINCH U3MEPEHUS, a TAKKE BO3MOXK-
HBIMH HEYYTEHHBIMU Mapa3uTHHIMU (P HEKTaMH.

B [9] npuBenensr pe3ynabTaThl U3MEPEHUS Mallo-
CHUTHAJBHBIX XapaKTepucTHK obpasma ¢ L=0,2 MKkwM,
W=200 mkwm, L, =L;,=0,5 MKM, IpPOBEJCHHBIC MPH

a) 35
device #KC282

——

304
25+
204

H,, MAG, U (dB)

f,=24.6 GHz

f =63 GHz

maxMAG

1 10
f(GHz)

100

0)

35

Kosddunuent ycunenus
1o ToKy, 1b

1 2 5 10 20 50
Yacrora, I'T11

100

Puc. 6. Pe3ynbrarsl u3MepeHHss MaJlOCUTHAIBHBIX Xapak-

TEPUCTHUK TpaH3UCTOpa ¢ AnuHOi 3aTBopa 0,2 Mkm [9] (a)

U 4YacTOTHAas 3aBUCHUMOCTbH KO3(UIMEeHTa yCUIeHUs IO

TOKY, paccuMTaHHas B Hacrtosiiei padore mo dopmyne (30)
npu U =0,6 B (6)

HaTPSHKEHUSIX CMEIICHHS VDS: -20Bu VDS: —0,3 B. Ecin
HAIPSDKEHUE OTCEYKH V/, IPUHATH paBHbIM | B, 10 st
pacyeToB HYXHO Opath (Tepexo/is K IPUHSITHIM 3/1€Ch 3Ha-
kam) U=1,3 B, 4T0O COOTBETCTBYET «BHYTPEHHEMY» Ha-
npspkeHuro Ha 3arBope U=0,8 B. Kak BunHO u3 puc. 6,
IIPU OAMHAKOBBIX 3HAYEHUSIX ITOBUKHOCTH U CKOPOCTH
HACBIIICHHUS JIBIPOK PACUET U AKCTIEPUMEHT JIAF0T 3HAYEC-
nue f;=24,6 ['T'u. OTMeTHM, YTO TaKO€ COBIAJICHUE CITy-
YaifHO, yUYNUTHIBas YIIOMSHYTHIE BBIILIIE HEOTPEAETICHHO-
CTH MCXOJIHBIX TapaMETPOB pacyeTa.

B pexwume ycunenus, T. €. ipu |H,,|>1, kooppuuu-
€HT YCHJICHUS 110 TOKY C XOPOILIEH CTENeHbI0 TOYHOCTH
ONMCHIBAETCS JUAUPYIOIIUM YICHOM Pa3IokKEHHUs IO

qacToTraMm M.
2

‘ ‘22 Vs 3'Y 31
2 oL 1+3y (1)
- e(D<<Y s

A L

OTCIOZ[a MOJIy4acTCsd MaKCUMaJibHasA 4aCToOTa yCHJIe-
HU 110 TOKY B PEKUME KOPOTKOI'O 3aMbIKaHU A

f= v, 3y
" onL 143y (32)
1 wu
= 142" 1
meY=Ey v L

s

OTMeTHM, YTO MPH MAIbIX HAMPSKEHUAX 3aTBOPA
f~1/L?, a umenHo:

3w
fr= 2 om1?’
v,
U< .
rae 3

Pe3ynprarsl pacuera MaKkCUMaIbHOM 4aCTOTHI yCHJIE-
HUS TI0 TOKY JIJISI TPAH3UCTOPA C JUTMHOMN 3aTBOpa | MKM
Kak (DYHKINN «BHYTPEHHETO» HANPsDKEHUS 3aTBopa (0e3
yueTa y4acTKOB «HCTOK—3aTBOP» M «3aTBOP—CTOK»)
IpUBE/ICHbI Ha pHc. 7.

fp.ITL
4
3 //
2
L
0 05 1,0 1,5 20 25 30

Hanpsixenue U, B
Puc. 7. 3aBHCHMOCTh MAaKCHMalIbHOW YaCTOTHI YCHICHHS
10 TOKY Ha BBIXOJI€ TPAH3HCTOPA OT HATPSKCHHUS HA 3aTBO-
pe B pexuMe KOPOTKOTO 3aMBIKaHMSA, PACCIMTAHHAS MO
¢dopmyre (32) npu minHe 3aTBOpa | MKM
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Pacyer MmakcHMaIbHOM MOIIHOCTH TPpaH3UCTOpa

[MpuBenem mpumep pacdera peskiuMa paboThI TPAH3H-
cTopa B Kjacce A ¢ HauOOJbIIeH BBHIXOAHOW MOIIHO-
CTBIO B BBICOKOUYACTOTHOM JHAMa30HE.

PaccmoTrpuM cxemy, B KOTOPOi1 I10J1€BOH TpaH3UCTOP
MOJIKJIIOYEH K HAarpy3Ke ¢ ConpoTuBieHueM R, . ['enepa-
TOP BXOJIHOTO CHT'HAJIA UMEET ConpoTuBieHue R .. B kiac-
ce A cMelleHHe HalpsKeHUs! 3aTBOpa U3MEHSETCS OT
HAIPSOKEHHUS OTCEYKH V10 MAKCUMAJILHOTO HAIPsiKe-
Hust Vg -, OTPAHMYEHHOTO HANPSHKEHUEM POOOs 3aT-
Bopa. Ecim nmpeneOpeyb HenmmHeiHbpIME 3 dhekTaMu, TO
MOKHO CUUTATh, YTO TOK U HANIPSXKEHUE B BBIXOIHOM IETTH
U3MEHSIOTCS] IO CUHYCOUJAIbHOMY 3akoHY. Eciu mpe-
HeOpeub HEMMHEHHBIMA (P exTamMu 1 CIBUTOM (a3 MEK-
Ty BBIXOJIHBIM HAPSHKEHUEM U TOKOM, TO BBIXOIHAS MOIII-
HOCTb BBICOKOYACTOTHOTO CHTHAJIa B KJjlacce A paBHa
Prrou psma Vo = Vpsmin)/8- (34)

ITpoBeneM pacueT XapaKTEpPUCTHUK MOJIEBOTO TPAH3H-
ctopa ¢ 3aTBopoM LLIOTTKM Ha TMAPUPOBAHHOM ajMas3e C
JUIMHOM 3aTBOpPa 1 MKM, IPOMEXYTKaMU «ACTOK—3aTBOP
U «3aTBOP—CTOK» | MKM, mupuHOi 3arBopa 500 MKM.
CornacHo [3], HanpspKEeHUE OTCEUKH Y TaKUX TPAH3UCTO-
poB cocTaBisieT okosio 1 B, mpo0oit HacTynaet npu Ha-
npsbkenuu 3atBopa V.= —7 B. Tak kak sxkcruryaranus
TPAH3UCTOPA B PEKUME, OJIN3KOM K IPOOOI0, IPUBOAUT
K TIPESKACBPEMEHHON JIeTpajayi TpaH3uCTopa, BhIOe-
PEM JIMaNa30H M3MEHEHHUS HANIPSDKEHHS 3aTBOpa Vg 0T
+1 1o -3 B, wnu U=0...4 B. Ilpu 31oMm, cormiacHo pacue-
TaM, MakCUMallbHas TUIOTHOCTb TOKa paBHa /¢ /W=
=140 MA/mm, nim [ =70 MA. MuHMMaIbHOE Ha-
HpsKEHUE CTOKA, IPU KOTOPOM TPAH3UCTOP PabOTaeT B
PEeKUME HACBILIEHUS, PaBHO V)¢ . =6 B. Makcumab-
HOE HANPSDKEHUE TUTaHus V; OrpaHMYMBAETCS HATIPSDKE-
HUEM Tpo0os 1o cToKy. B [3] HanpspkeHue mpobos 1mo
CTOKY COCTaBHIIO VGS: —100 B mst o6pasma ¢ amuHOH
3aTBOpA 2 MKM (JJaHHBIC O AJIMHE MPOMEXKYTKOB «HC-
TOK—3aTBOP» U «3aTBOP—CTOK» 00pasiia OTCYTCTBYIOT).
B [6] coobmaercst 00 M3roTOBICHUH TPAH3UCTOPA, pa-
OoTatoriero npu HanpsbkeHnn croka S0 B B pesxxume 601b-
LIMX CUTHAJIOB C HampsbkeHueMm npodos 70—80 B mo
croky. Jliinna 3arBopa Tpansucropa cocrasuia 0,4 Mkwm,
3a30pbl, PEANONoKUTENbHO, 0,5 MkM. Toraa Oyaem cuu-
TaTb, YTO HANPSLKEHHUE TPOOO0st IO CTOKY TPAaH3UCTOpa C
BBIILIE ONIMCAHHBIMU UCXOAHBIMU [TapaMEeTPaMH COCTaB-
nseT He MeHee 100 B, uTo cooTBETCTBYET HaIPSKEHHO-
¢t Tipo0ost o moBepxHocTr 1 MB/cM. TTosToMy mipu-
MeM paboyee HapsDKEHNE MUTaHus V) JUIs TaHHOTO TPaH-
3ucropa pasHbIM 50 B, noxpasymesast 1ByKpaTHbIH 3a-
Tac 1o npodoro Ha CTOKE.

Takum o6pa3omM, cormacHo (34), MakCMalbHasl BbI-
XOJIHasi MOIIHOCTE B BHEICOKOYACTOTHOM JHAITa30HE I0-
JIEBOT'O TPAH3UCTOPA Ha TUIPUPOBAHHON MOBEPXHOCTH
ajiMasa ¢ yKa3aHHBIMH BBIIIIE ITApaMeTpaMHu Ipu padoTe
B Kj1acce A cocrasut P =0,4 Bt. Takas MOII[HOCTh

RF max
JOCTUTACTCA IIPU COIPOTUBJICHUN HAI'PYy3KHU

RL = (VO _VDS min)/IDS max 600 OM

3akJoueHue

Pesynbrarel HacTosIIeH pabOTHI TOCTATOUHO YOEIH-
TEJNIFHO TIOKA3BIBAIOT, YTO B PaMKaX MOJETH IUIAaBHOTO
3aTBOpa MOKHO PACCUUTATh XapPaKTEPUCTUKH ITOJICBOTO
CBU-tpaH3ucTopa Ha OCHOBE aIMa3HOW CTPYKTYPHI C
O-JIerupoBaHHBIM (BOJIOPOIOM HITH GOPOM) CIIOEM, HC-
MOJIB3Ys €€ DICKTPO(PU3NICCKUE MapaMETPhl U TeoMe-
TPHUYECKUE pa3MephI AIIEMEHTOB TpaH3ucTopa. Paccuu-
TaHHBIC OCHOBHBIE TapamMeTpbl MozensHoro CBU-Tpan-
3UCTOPA JTOCTATOYHO OJMM3KH K OMYOJUKOBaHHBIM 3K-
CTIIEPIMEHTAIILHBIM PE3yNIbTaTaM H3MEPEHUH pearbHBIX
CBY-tpan3ucTopos.
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