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Â àòîìíî-ýìèññèîííûõ ñïåêòðîìåòðàõ â ñîñòàâå àíàëèçàòîðîâ ñïåêòðîâ øèðîêî ïðèìåíÿ-

þò ëèíåéêè ôîòîäåòåêòîðîâ. Ïðè øèðèíå ñïåêòðàëüíîé ëèíèè, ñðàâíèìîé ñ øàãîì ñòðóê-

òóðû ëèíåéêè, âîçíèêàåò çàâèñèìîñòü ðåãèñòðèðóåìîãî ñèãíàëà îò ïîëîæåíèÿ ëèíèè îòíî-

ñèòåëüíî ôîòîÿ÷ååê ëèíåéêè ôîòîäåòåêòîðîâ. Êàê ïðàâèëî, ýòà çàâèñèìîñòü îáúÿñíÿåòñÿ

ïîòåðåé âûñîêèõ ïðîñòðàíñòâåííûõ ÷àñòîò ñîãëàñíî òåîðåìå Êîòåëüíèêîâà, à àïåðòóðíàÿ

õàðàêòåðèñòèêà ôîòîÿ÷ååê (çàâèñèìîñòü âûõîäíîãî ñèãíàëà ôîòîÿ÷åéêè îò ïîëîæåíèÿ òî-

÷å÷íîãî ñâåòîâîãî ïÿòíà íà åå ïîâåðõíîñòè) ñ÷èòàåòñÿ ïðÿìîóãîëüíîé è îïðåäåëÿåòñÿ èõ

ðàçìåðîì. Îäíàêî òàêîå ïðèáëèæåíèå â ðÿäå çàäà÷ ìîæåò ïðèâîäèòü ê ñóùåñòâåííûì ïî-

ãðåøíîñòÿì. Öåëü ðàáîòû — ýêñïåðèìåíòàëüíîå îïðåäåëåíèå àïåðòóðíûõ õàðàêòåðèñòèê

ëèíååê ôîòîäåòåêòîðîâ ÁËÏÏ-2000 è ÁËÏÏ-4000, ïðèìåíÿåìûõ â ñîñòàâå âûñîêîñêîðîñò-

íûõ àíàëèçàòîðîâ ÌÀÝÑ, ïóòåì ïðåöèçèîííîãî ïåðåìåùåíèÿ ñâåòîâîãî ïÿòíà äèàìåòðîì

0,7 ìêì ñ äëèíîé âîëíû 405 íì. Øàã ñòðóêòóðû ëèíååê ñîñòàâëÿåò 14 è 7 ìêì ñîîòâåòñò-

âåííî. Ïîêàçàíî, ÷òî ïðè ïîïàäàíèè ñâåòîâîãî ïÿòíà ìåæäó ôîòîÿ÷åéêàìè ðàññìàòðèâàå-

ìûõ ëèíååê ôîòîäåòåêòîðîâ ïîòåðè èíôîðìàöèè íå ïðîèñõîäèò. Äëÿ ëèíåéêè

ÁËÏÏ-2000, âûïîëíåííîé ïî òåõíîëîãèè ÏÇÑ ñ îáðàòíîé çàñâåòêîé, êîýôôèöèåíò âçàèì-

íîãî âëèÿíèÿ ôîòîÿ÷ååê ñîñòàâëÿåò 30 %, à èíòåãðàëüíûé ñèãíàë íå çàâèñèò îò ïîëîæåíèÿ

ñâåòîâîãî ïÿòíà. Íàëè÷èå èçîëèðóþùèõ îáëàñòåé (ëîêóñîâ) ìåæäó ôîòîÿ÷åéêàìè â ëè-

íåéêå ÁËÏÏ-4000, âûïîëíåííîé ïî ÊÌÎÏ-òåõíîëîãèè, ïðèâåëî ê íåçíà÷èòåëüíûì êîëå-

áàíèÿì èíòåãðàëüíîãî ñèãíàëà â çàâèñèìîñòè îò ïîëîæåíèÿ ñâåòîâîãî ïÿòíà, îäíàêî ïîçâî-

ëèëî ñíèçèòü êîýôôèöèåíò âçàèìíîãî âëèÿíèÿ äî 5 %.
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Photodetector arrays are widely used in atomic emission spectrometry as a part of spectrum analyzers.

When the width of a spectral line is comparable with the array structure pitch, the recorded signal be-

comes dependent on the position of the line relative to the cells of the photodetector array. This depend-

ence is usually explained by the loss of high spatial frequencies according to the Kotelnikov theorem, and

the pixel response function of the cells (the dependence of the cell output signal on the position of a point

light spot on the cell surface) is considered rectangular and determined by the cell size. However, this ap-

proximation can sometimes lead to significant errors. The aim of this study is to determine experimentally

the pixel response function of BLPP-2000 and BLPP-4000 photodetector array cells used in high-speed

MAES analyzers by precise moving of a light spot with a diameter of 0.7 ìm and a wavelength of 405 nm.

The array cell width is 14 and 7 ìm, respectively. It is shown that when a light spot enters between the
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cells of BLPP-2000 and BLPP-4000 photodetectors, no information is lost. As for the cells of back-illumi-

nated CCD BLPP-2000 arrays, the coefficient of mutual influence is 30% and the integral signal does not

depend on the position of the light spot. The presence of isolating areas (loci) between the cells in CMOS

BLPP-4000 arrays led to insignificant oscillations of the integral signal depending on the position of the

light spot, but, however, provided reduction of the coefficient of mutual influence to 5%.

Keywords: pixel response function; photodetector arrays; CCD; CMOS; atomic emission spectrometer;

spectrum analyzer MAES.

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ â àòîìíî-ýìèññèîííîé

ñïåêòðîìåòðèè øèðîêî ïðèìåíÿþò âûñîêîñêîðî-

ñòíûå ìíîãîêàíàëüíûå àíàëèçàòîðû ýìèññèîí-

íûõ ñïåêòðîâ (ÌÀÝÑ) íà îñíîâå ñáîðîê ÏÇÑ-ëè-

íååê ñ îáðàòíîé çàñâåòêîé ÁËÏÏ-2000 è

ÊÌÎÏ-ëèíååê ÁËÏÏ-4000 [1 – 6]. Øàã ñòðóêòó-

ðû ëèíååê ñîñòàâëÿåò 14 è 7 ìêì ñîîòâåòñòâåííî.

Ñèãíàë ñïåêòðîìåòðà ñ ÌÀÝÑ ìîæíî ïðåäñòà-

âèòü â âèäå:

I F x A x x x
i i

R

� �
�

( ) ( ) ,d (1)

ãäå i — íîìåð ôîòîÿ÷åéêè; F(x) — ïðîôèëü èí-

òåíñèâíîñòè èçëó÷åíèÿ íà ïîâåðõíîñòè ëèíåéêè

ôîòîäåòåêòîðîâ; A(x – xi) — àïåðòóðíàÿ õàðàêòå-

ðèñòèêà i-é ôîòîÿ÷åéêè; xi — ïîëîæåíèå öåíòðà

i-é ôîòîÿ÷åéêè. Êàê ïðàâèëî, àïåðòóðíàÿ õàðàê-

òåðèñòèêà (çàâèñèìîñòü ôîòîîòêëèêà ôîòîÿ÷åé-

êè îò ïîëîæåíèÿ ñâåòîâîãî ïÿòíà ìàëîãî ðàçìåðà

íà åå ïîâåðõíîñòè) ñ÷èòàåòñÿ ïðÿìîóãîëüíîé, è

åå øèðèíà îïðåäåëÿåòñÿ ðàçìåðîì ôîòîÿ÷åéêè.

Îäíàêî òàêîå ïðèáëèæåíèå, íàïðèìåð, ïðè âîñ-

ñòàíîâëåíèè ôóíêöèè ïðîôèëÿ èçëó÷åíèÿ íà ïî-

âåðõíîñòè äåòåêòîðà [7] ïðèâîäèò ê âûñîêèì ïî-

ãðåøíîñòÿì. Àïåðòóðíóþ õàðàêòåðèñòèêó ìîæíî

ïîëó÷èòü ïóòåì ïðåöèçèîííîãî ïåðåìåùåíèÿ ñ

øàãîì ~1 ìêì ñâåòîâîãî ïÿòíà òàêîãî æå ðàçìå-

ðà [8 – 11].

Öåëü ðàáîòû — îïðåäåëåíèå àïåðòóðíûõ õà-

ðàêòåðèñòèê ëèíååê ôîòîäåòåêòîðîâ ÁËÏÏ-2000

è ÁËÏÏ-4000.

Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà

Â ðàáîòå èñïîëüçîâàëè ëàçåðíûé íàíîëèòî-

ãðàô (ËÍË) ñ X-Y ñèñòåìîé ïîçèöèîíèðîâàíèÿ

[12 – 15]. Áåñêîðïóñíûå êðèñòàëëû ëèíååê ôîòî-

äåòåêòîðîâ ÁËÏÏ-2000 è ÁËÏÏ-4000 ïî î÷åðåäè

óñòàíàâëèâàëè íà äâóõêîîðäèíàòíûé ìîòîðèçè-

ðîâàííûé ñòîë. Ïîãðåøíîñòü ïåðåìåùåíèÿ ëèíå-

åê ñîñòàâëÿëà íå áîëåå 0,1 ìêì. Ëèíåéêè ÁËÏÏ-

2000 è ÁËÏÏ-4000 ïåðåìåùàëè âäîëü ëèíèè ðàç-

ìåùåíèÿ ôîòîÿ÷ååê ñ øàãîì 0,5 è 0,25 ìêì ñîîò-

âåòñòâåííî. Íà ïîâåðõíîñòü ôîòîÿ÷ååê ôîêóñè-

ðîâàëè èçëó÷åíèå íåïðåðûâíîãî óëüòðàôèîëåòî-

âîãî ëàçåðà ñ äëèíîé âîëíû 405 íì. Äèàìåòð ôî-

êàëüíîãî ïÿòíà ñîñòàâëÿë 0,7 ìêì.

Îáñóæäåíèå ðåçóëüòàòîâ

Ïðè êàæäîì ïîëîæåíèè ñâåòîâîãî ïÿòíà ïî-

ëó÷àëè âûõîäíîé ñèãíàë ôîòîÿ÷ååê U(x) è ðàñ-

ñ÷èòûâàëè èíòåãðàëüíûé ñèãíàë (ñóììó çíà÷å-

íèé âûõîäíûõ ñèãíàëîâ ñîñåäíèõ ôîòîÿ÷ååê). Íà

ðèñ. 1 ïîêàçàíû çàâèñèìîñòè âûõîäíîãî ñèãíàëà

U(x) íåñêîëüêèõ ðàñïîëîæåííûõ ðÿäîì ôîòîÿ÷å-

åê è èõ èíòåãðàëüíîãî ñèãíàëà îò ïîëîæåíèÿ ñâå-

òîâîãî ïÿòíà. Èç ãðàôèêîâ âèäíî, ÷òî ôîòîÿ÷åé-

êà ñîáèðàåò ôîòîãåíåðèðîâàííûå èçëó÷åíèåì íî-

ñèòåëè, îáðàçóþùèåñÿ è çà åå ïðåäåëàìè. Ïðè

ýòîì ïðè ïîïàäàíèè ñâåòîâîãî ïÿòíà ìåæäó äâóõ

ôîòîÿ÷ååê ïîòåðè èíôîðìàöèè íå ïðîèñõîäèò, à

ñèãíàë äåëèòñÿ ìåæäó íèìè ïðèìåðíî ïîðîâíó.

Ñòîèò îòìåòèòü, ÷òî èíòåãðàëüíûé ñèãíàë

ëèíåéêè ÁËÏÏ-4000 èìååò íåáîëüøîé óðîâåíü

êîëåáàíèé ñ ìàêñèìóìàìè, ñîîòâåòñòâóþùèìè

ïîïàäàíèþ ñâåòîâîãî ïÿòíà ìåæäó ôîòîÿ÷åéêà-

ìè. Ýòî ñâÿçàíî, ïî-âèäèìîìó, ñ íàëè÷èåì ìåæäó

ôîòîÿ÷åéêàìè äàííîé ëèíåéêè, èçãîòîâëåííîé

ïî ÊÌÎÏ-òåõíîëîãèè, èçîëèðóþùèõ îáëàñòåé

(ëîêóñîâ) äëÿ ñíèæåíèÿ âçàèìíîãî âëèÿíèÿ ôî-

òîÿ÷ååê. Ëîêóñû, îáû÷íî èçãîòàâëèâàåìûå èç

SiO2, ïðîïóñêàþò èçëó÷åíèå, è îáðàçóþùèåñÿ

ïîä íèìè íîñèòåëè çàðÿäà ïóòåì äèôôóçèè äî-

ñòèãàþò ñîñåäíèõ ôîòîÿ÷ååê. Ïðè ýòîì ñëîé ëî-

êóñà íà îïðåäåëåííûõ äëèíàõ âîëí ìîæåò ñíè-

æàòü êîýôôèöèåíò îòðàæåíèÿ èçëó÷åíèÿ îò ïî-

âåðõíîñòè ëèíåéêè (ïðîñâåòëÿòü), ÷òî ïðèâîäèò ê

óâåëè÷åíèþ êîëè÷åñòâà ôîòîãåíåðèðîâàííûõ íî-

ñèòåëåé ïîä íèì è, ñîîòâåòñòâåííî, ê óâåëè÷åíèþ

èíòåãðàëüíîãî ñèãíàëà. Ïîäîáíûå êîëåáàíèÿ

èíòåãðàëüíîãî ñèãíàëà ó ëèíåéêè ÁËÏÏ-2000

îòñóòñòâóþò, òàê êàê îíà âûïîëíåíà ïî òåõíî-

ëîãèè ÏÇÑ ñ îáðàòíîé çàñâåòêîé (áåç ëîêóñîâ).

Îäíàêî ïðè ýòîì íàáëþäàåòñÿ ñóùåñòâåííî áîëü-

øåå «ðàñòåêàíèå» ôîòîãåíåðèðîâàííûõ çàðÿäîâ

íà ñîñåäíèå ôîòîÿ÷åéêè, â ñâÿçè ñ ÷åì ïî ýòîé

òåõíîëîãèè ïðàêòè÷åñêè íåâîçìîæíî ñäåëàòü

øàã ôîòîÿ÷ååê 7 ìêì, êàê ïî òåõíîëîãèè ÊÌÎÏ

â ÁËÏÏ-4000.

Èç ðèñ. 1 òàêæå âèäíî, ÷òî âûõîäíîé ñèãíàë

ïðè ïîëîæåíèè ñâåòîâîãî ïÿòíà â öåíòðå ôîòî-

ÿ÷åéêè ëèíåéêè ÁËÏÏ-2000 ñîñòàâëÿåò 58 % îò

èíòåãðàëüíîãî ñèãíàëà, à äëÿ ëèíåéêè ÁËÏÏ-

4000 — 86 %. Âêëàä äðóãèõ ôîòîÿ÷ååê â èíòå-

ãðàëüíûé ñèãíàë äëÿ ýòèõ ëèíååê ñîñòàâëÿåò 42 è
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14 % ñîîòâåòñòâåííî. Ýòî îçíà÷àåò, ÷òî â ëèíåéêå

ÁËÏÏ-2000 â òðè ðàçà áîëüøå ôîòîãåíåðèðîâàí-

íûõ íîñèòåëåé ïîïàäàåò â ñîñåäíèå ôîòîÿ÷åéêè,

÷åì â ÁËÏÏ-4000.

Íà ðèñ. 2 ïîêàçàí îáùèé âèä àïåðòóðíûõ õà-

ðàêòåðèñòèê. Öâåòîì îáîçíà÷åíû ãðàíèöû ôîòî-

ÿ÷ååê è îòìå÷åí óðîâåíü ðåãèñòðèðóåìîãî ñèãíà-

ëà ïðè ïîïàäàíèè òî÷å÷íîãî ñâåòîâîãî ïÿòíà â

öåíòð ôîòîÿ÷åéêè x0. Äëÿ ëèíåéêè ÁËÏÏ-2000,

åñëè îáîçíà÷èòü âûõîäíîé ñèãíàë ôîòîÿ÷åéêè x0

çà 100 %, óðîâåíü âûõîäíîãî ñèãíàëà áëèçëåæà-

ùèõ ôîòîÿ÷ååê ñîñòàâèò 30 è 4 % ñîîòâåòñòâåííî.

Ïðè ýòîì ñîîòíîøåíèå ñîîòâåòñòâóþùèõ âûõîä-

íûõ ñèãíàëîâ ôîòîÿ÷ååê ÁËÏÏ-4000 — 100, 5
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à á

Ðèñ. 1. Âûõîäíîé ñèãíàë ôîòîÿ÷ååê (÷åðíûé) è èíòåãðàëüíûé ñèãíàë (êðàñíûé) ëèíååê ÁËÏÏ-2000 (à) è ÁËÏÏ-4000

(á) íà äëèíå âîëíû ë = 0,405 ìêì

Fig. 1. Output signal (in black) and the integral signal (in red) of BLPP-2000 (a) and BLPP-4000 (b) photodetector array cells

at a wavelength ë = 0.405 ìm

à á

Ðèñ. 2. Àïåðòóðíûå õàðàêòåðèñòèêè ëèíååê ôîòîäåòåêòîðîâ ÁËÏÏ-2000 (à) è ÁËÏÏ-4000 (á) íà äëèíå âîëíû

ë = 0,405 ìêì

Fig. 2. Aperture characteristics of BLPP-2000 (a) and BLPP-4000 (b) photodetector array cell at a wavelength ë = 0.405 ìm



è 1 %. Îòíîøåíèå çíà÷åíèé âûõîäíûõ ñèãíà-

ëîâ ñîñåäíåé è îñâåùåííîé ôîòîÿ÷åéêè îáû÷íî

íàçûâàþò êîýôôèöèåíòîì âçàèìíîãî âëèÿíèÿ ôî-

òîÿ÷ååê. Ýòîò êîýôôèöèåíò äëÿ ëèíåéêè ÁËÏÏ-

2000 ñîñòàâëÿåò 30 %, à äëÿ ÁËÏÏ-4000 — 5 %.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ýêñïåðèìåíòàëüíî ïîëó÷åíû

àïåðòóðíûå õàðàêòåðèñòèêè ÏÇÑ-ëèíååê ñ îáðàò-

íîé çàñâåòêîé ÁËÏÏ-2000 è ÊÌÎÏ-ëèíååê

ÁËÏÏ-4000 íà äëèíå âîëíû ë = 0,405 ìêì. Ïî-

êàçàíî, ÷òî ïðè ïîïàäàíèè ñâåòîâîãî ïÿòíà ìåæ-

äó ôîòîÿ÷åéêàìè ëèíååê ôîòîäåòåêòîðîâ ïîòåðè

èíôîðìàöèè íå ïðîèñõîäèò. Êîýôôèöèåíò âçà-

èìíîãî âëèÿíèÿ ôîòîÿ÷ååê ëèíåéêè ÁËÏÏ-2000

ñîñòàâëÿåò 30 %, à ÁËÏÏ-4000 — 5 %. Îáíàðóæå-

íî óâåëè÷åíèå èíòåãðàëüíîãî ñèãíàëà ëèíåéêè

ÁËÏÏ 4000 ìåæäó ôîòîÿ÷åéêàìè äî 2 – 3 %.
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